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ABSTRACT 
Though most bacteria within a population are killed by high concentrations 
of antibiotics, tolerant bacteria survive and can re-grow once antibiotics are 
removed. Bacterial persisters are dormant cells within an isogenic bacterial 
population that are tolerant to antibiotic treatment and have been implicated in 
chronic and recurrent infections. Tolerant and persistent bacteria are generated 
heterogeneously within populations, and a complete understanding of the 
processes by which these cells are formed remains elusive. However, there is 
increasing evidence that bacterial communication by chemical signaling plays a 
role in establishing population heterogeneity. 
Here I show that bacterial communication induces persistence in 
Escherichia coli using the self-produced signaling molecule indole. Indole-
induced persister formation was monitored using microfluidics, and oxidative 
stress and phage-shock pathways were determined to play a role in this 
phenomenon. I propose a model in which indole signaling "inoculates" a 
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bacterial sub-population against antibiotics by activating stress responses, 
leading to persister formation. 
Having demonstrated that communication using the signaling molecule 
indole controls persistence in the intestinal bacterium E. coli, I sought to 
determine whether indole could be used as an interspecies signal to control 
antibiotic tolerance in mixed microbial communities. The common bacterial 
pathogen Salmonella typhimurium was chosen for these experiments because 
this species, though closely related to E. coli, does not produce indole. The 
results demonstrated that indole signaling by E. coli induces tolerance to 
antibiotics in S. typhimurium. Further, the data suggest that indole-induced 
tolerance in S. typhimurium is mediated at least in part by the phage shock and 
oxidative stress response pathways, which were previously implicated in control 
of indole-induced persistence in E. coli. I used C. elegans as a simple in vivo 
model for gastrointestinal infection with S. typhimurium, demonstrating that indole 
signaling increased Salmonella tolerance and altered heterogeneity of infection in 
this system. These results suggest that antibiotic tolerance in pathogens may be 
induced by interception of bacterial signals in the host environment. 
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Chapter I. Introduction 
Antibiotic-tolerant bacteria, despite lacking mechanisms for antibiotic 
resistance, survive antibiotic treatment and can resume growth when bactericidal 
agents are removed. Unlike resistant bacteria, tolerant bacteria do not grow in 
the presence of antibiotics or differ genetically from antibiotic-susceptible cells 
(Wiuff & Andersson 2007). Antibiotic tolerance in bacteria has been implicated in 
chronic and recurrent infections (Allison eta/. 2011; Levin & Rozen 2006; Smith 
& Romesberg 2007) . Bacterial persisters are antibiotic-tolerant, dormant cells 
(Balaban eta/. 2004) that arise heterogeneously within an isogenic bacterial 
population (Lewis 2007). A complete understanding of bacterial tolerance and 
persister formation remains elusive. However, there is increasing evidence that 
bacterial communication by chemical signaling plays a role in establishing 
population heterogeneity (Ahmed eta/. 2007; Bassler & Losick 2006; Losick & 
Desplan 2008; Moker eta/. 201 0). 
The stationary phase signaling molecule indole is produced by many 
bacterial species under conditions known to increase persistence (Bordi eta/. 
2003; Zheng eta/. 2004). This signal is thought to communicate nutrient 
limitation (Kobayashi eta/. 2006; Wang eta/. 2001 ), has been shown to affect 
processes that are relevant to antibiotic response (Garbe eta/. 2000; Hirakawa et 
a/. 2005; Lee eta/. 201 0) such as membrane stress and oxidative stress 
responses (Garbe eta/. 2000; Hirakawa eta/. 2005), and has been shown to 
increase antibiotic resistance (MIC) via activation of multi-drug transport systems 
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(Hirakawa eta/. 2005; Lee eta/. 201 0; Lee eta/. 2008). It is therefore 
hypothesized that indole may function as a trigger for induction of antibiotic 
tolerance in bacteria. 
Indole production is common but not ubiquitous among bacteria found in 
the mammalian gut, and it has been theorized that loss of the necessary enzyme 
occurs as part of adaptation to intracellular pathogenicity in gut-associated 
bacteria (Rezwan eta/. 2004). However, it is not known whether indole-negative 
bacteria in the mammalian gut can use non-natively produced indole signaling to 
activate protective stress response pathways or increase tolerance to antibiotics. 
It was therefore hypothesized that indole could act as an inter-species signal to 
increase tolerance in an indole-negative intestinal pathogen. 
Generation of indole requires catabolism of tryptophan, which is 
energetically expensive to synthesize, and the indole molecule itself is rarely 
used further in bacterial metabolism. Expression and utilization of tryptophanase, 
the enzyme responsible for converting tryptophan to indole, can therefore be 
assumed to carry some metabolic cost. It has been suggested that loss of 
tryptophanase activity occurs as part of adaptation to an intracellular lifestyle 
(Rezwan eta/. 2004), but it is not known whether loss of this ability provides a 
selective advantage. It is therefore hypothesized that loss of tryptophanase is 
advantageous from a metabolic standpoint, and that conservation of this gene 
can be attributed to the utility of indole signaling in changing environments. 
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This body of work encompasses the following research aims: 
Aim 1. To clarify the involvement of intercell signaling in persister formation in E. 
coli. A directed screen of small molecules affecting cell signaling (SMACS) will be 
performed with the goal of identifying cell signaling molecules that affect rates of 
persister formation. 
Aim 2. To characterize indole-induced persistence in E. coli. 
Aim 3. To use phylogenetic analysis to determine lifestyle-associated factors in 
retention of tryptophanase in environmental and host-adapted bacteria. 
Aim 4. To examine the role of indole signaling in an in vivo model of antibiotic 
response in a nematode gut model. 
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I.A. Bacterial communication 
I.A.1. Tryptophan-derived signal molecules 
The stationary phase signal molecule indole is produced in E. coli by 
cleavage of tryptophan into indole, pyruvate, and ammonia by the tryptophanase 
enzyme (TnaA) (Figure 1). This reaction is reversible, but the kinetics strongly 
favor catabolism (Wantanabe & Snell 1977) and this reaction is the only known 
source of free indole in E. coli (Crawford & Yanofsky 1958; Creighton 1970; Miles 
1979). In E. coli, indole production is maximized under starvation conditions 
when glucose and amino acids are limiting (Wantanabe & Snell 1977). Following 
production in the cytoplasm, indole is actively secreted into the extracellular 
space (Kawamura-Sato eta/. 1999) and is maintained at high concentrations 
both in monoculture ( -400-600 !JM in rich media) (Kuczynska-Wisnik eta/. 201 0; 
Yanofsky eta/. 1991) and in more complex bacterial communities such as those 
found in the distal mammalian gut (Jensen eta/. 1995). Indole can move 
passively across the Gram-negative outer membrane (Bean et a/. 1968) and is 
actively imported from the periplasm primarily by the inner membrane transport 
protein Mtr (Yanofsky et a/. 1991) but may enter the cell by other means (Pinero-
Fernandez eta/. 2011 ). Indole is well tolerated in the micromolar range but 
becomes toxic to E. coli at very high concentrations (>5 mM)(Garbe eta/. 2000; 
Garbe & Yukawa 2001) 
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Indole signaling has been shown to regulate a wide range of bacterial 
processes, including motility, virulence, biofilm formation , and antibiotic 
response. Genes responsive to membrane stress and oxidative stress, including 
multidrug exporter genes mdtABD and aerO, are inducible by high concentrations 
of indole (Bury-Mone eta/. 2009; Garbe eta/. 2000; Hirakawa eta/. 2005; 
Nishino eta/. 2005). Indole has also been shown to downregulate expression of 
genes involved in chemotaxis, flagellar production, and motility in E. coli (Nishino 
eta/. 2005), and to control biofilm formation and virulence in both a temperature-
dependent (Lee eta/. 2008) and dose-dependent (Hirakawa eta/. 2009) manner. 
Response to indole has been observed in bacteria unable to produce this 
Water Tryptophan 
NH3+ 
0_ .cH2- b- coo-\.J ~ 
N 
H 
1 T<yptophana'e 
0 
+ CH3-!-coo- + NH3+ 
Indole Pyruvate Ammonia 
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8 cP Extracellular ~ Space 
Peri plasm 
Figure 1. Indole is formed as a product of tryptophan catabolism in E. coli. The 
tryptophanase enzyme TnaA cleaves tryptophan and produces indole, pyruvate, and ammonia. 
Indole is actively exported from the cell , in part, by the AcrEF-ToiC complex, and the Mtr 
transporter mediates indole import from the periplasm. The tnaA gene is in an operon encoding 
leader peptide TnaC and tryptophan permease TnaB; expression is induced under conditions of 
nutrient stress (controlled by Crp and cAMP) and alkaline stress (controlled by TorR), and the 
TnaC leader peptide enforces Rho-dependent termination in the absence of tryptophan . 
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molecule, suggesting a role for indole as an interspecies signal. Indole has been 
shown to affect adhesion and biofilm formation in indole-positive (Di Martino eta/. 
2003; Mueller eta/. 2009; Sasaki-Imamura eta/. 201 0) and indole-negative 
(Hamilton eta/. 2009) bacteria and to decrease virulence in indole-negative 
Pseudomonas aeruginosa (Lee et al. 2009; Tashiro et al. 2010).1t has been 
suggested that interspecies communication of this sort in enteric bacteria 
represents an adaptation to the complex multispecies environment found in the 
mammalian host (Walters & Sperandio 2006a). 
Interestingly, some bacteria and higher organisms use modified indoles as 
signaling molecules. Examples include the bacterial signals isatin (indole 2 ,3-
dione) (Lee eta/. 2007a; Tashiro eta/. 201 0) and skatole (3-methylindole) (Gerth 
eta/. 1993; Honeyfield & Carlson 1990), the plant hormone auxin (indole-3-acetic 
acid) (Bianco eta/. 2006; Spaepen eta/. 2007), and the neurotransmitters 
serotonin and melatonin, which are indole-containing tryptamine alkaloids (Khan 
& Ghia 201 0; Sikander eta/. 2009). In fact, tryptophan not only serves as the 
precursor to indole but is also used in the synthesis of other signaling molecules. 
In bacteria, the Pseudomonas quinolone signal (PQS) is synthesized from 
anthranilate, which can be obtained during synthesis or catabolism of tryptophan 
(Diggle eta/. 2006; Farrow & Pesci 2007). In eukaryotes, tryptophan is broken 
down to produce the immune regulator kynurenine (Orabona & Grohmann 2011 ; 
Schrocksnadel eta/. 2006). 
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I.A.2. Al-2: inter-species signaling 
The autoinducer-2 (AI-2) quorum sensing molecule is a "universal signal" 
among prokaryotes, possessing different functional forms based on a single, 
conformationally mutable molecule. "AI-2" refers generally to a family of five-
carbon molecules formed through spontaneous cyclization of 4',5'-
dihydroxypentanedione (DPD) (Miller eta/. 2004). 
Al-2 is produced and/or recognized by a wide range of Gram-negative and 
Gram-positive bacteria and is believed to be an interspecies quorum signal (De 
Keersmaecker eta/. 2006; Pereira eta/. 2008; Rickard eta/. 2006; Schauder et 
a/. 2001 ). Though synthesis of Al-2 is widespread, bacteria that do not produce 
Al-2 may still take up and utilize this molecule (Pereira eta/. 2008). In E. coli, Al-
2 is produced as a product of S-ribosylhomocysteine (SAH) cleavage by LuxS 
and has been shown to regulate motility and biofilm formation (Bansal eta/. 
2008) . 
I.A.3 Al-3 and catecholamines: inter-kingdom signaling 
An autoinducer named Al-3 has been found to control gene expression 
through a pathway shared with eukaryotic hormones epinephrine (EPI) and 
norepinephrine (NE). Al-3 and EPI/NE control gene expression in an apparently 
cooperative fashion (Walters & Sperandio 2006b) through the two component 
system QseBC (Clarke & Sperandio 2005; Sperandio 2002). The greatest effect 
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of catecholamines on bacterial metabolism is observed in the late 
exponential/early stationary phase (Lyte & Nguyen 1997). 
AI-3/EPI/NE signaling up-regulates genes involved with colonization and 
virulence (Bansal eta/. 2007; Dowd 2007; Lyte eta/. 1996) and increases 
bacterial adherence to mammalian epithelial cells (Green eta/. 2004; Vlisidou et 
a/. 2004). In E. coli, inhibition of signal transduction through the AI-3/EPI/NE-
responsive QseBC system inhibits virulence gene expression and reduces 
virulence in vitro and in vivo (Clarke eta/. 2006; Raska eta/. 2008). 
1.8. Bacterial persistence 
Bacterial persisters are dormant cells (Balaban eta/. 2004) within an 
isogenic bacterial population that tolerate antibiotic treatment (Lewis 2007) and 
have been implicated in chronic and recurrent infections (Allison eta/. 2011 ; 
Levin & Rozen 2006; Smith & Romesberg 2007). Though most bacteria within a 
population are killed by high concentrations of antibiotics, persisters survive and 
can re-grow once antibiotics are removed . Unlike antibiotic-resistant bacteria, 
persisters do not grow in the presence of antibiotics or differ genetically from 
antibiotic-susceptible cells (Wiuff & Andersson 2007). Persister formation occurs 
heterogeneously within an antibiotic-susceptible population, predominantly at the 
transition to stationary phase (Balaban eta/. 2004; Dhar & McKinney 2007; 
Ehrlich et a/. 2005; Gefen & Balaban 2009; Keren et a/. 2004a; Kussell et a/. 
2005; Sufya eta/. 2003). This process has been viewed as a bacterial "bet-
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hedging" strategy in fluctuating environments (Rotem eta/. 201 0). Though 
persisters were first described nearly seven decades ago (Bigger 1944) and 
numerous genes have been associated with persistence (Moyed & Bertrand 
1983; Wang eta/. 2011; Wang & Wood 2011), a complete understanding of 
persister formation remains elusive. 
There is increasing evidence that bacterial communication plays a role in 
establishing population heterogeneity (Ahmed eta/. 2007; Bassler & Losick 2006; 
Losick & Desplan 2008; Maker eta/. 2010). Antibiotic efficacy has been shown to 
decrease in dense cultures (Udekwu eta/. 2009), and it has been theorized that 
bacterial signaling-related processes impact the formation of density-dependent 
tolerance. Biofilm cells and swarmer cells show increased tolerance to 
antibiotics, and these phenotypes are known to be regulated by bacterial 
signaling (Ito eta/. 2009; Lai eta/. 2009; Mah & O'Toole 2001); a number of 
excellent reviews of this topic have been published (Fux eta/. 2005; Mah & 
O'Toole 2001). 
In a few cases, interference with bacterial communication has been 
directly connected to a change in antibiotic response. Indole and Al-2 have been 
observed to increase the MIC of antibiotics (Ahmed eta/. 2007; Lee eta/. 201 0; 
Rosner 1985), whereas interference with Al-2 quorum sensing by 
cinnamaldehyde (Brackman eta/. 2008) and treatment with epinephrine 
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(Karavolos et a/. 2008) have been shown to increase killing by bactericidal 
agents. 
It was hypothesized that interference with cell signaling would affect 
persister frequency in E. coli. To test this hypothesis, a screen of small molecules 
affecting quorum sensing (SMACS) was performed . Based on the results of 
these experiments , it was further hypothesized that the tryptophan-based signal 
molecule indole may trigger the formation of persisters in this organism. 
I.C. Phylogenetics of bacterial signaling 
Generation of indole by bacteria requ ires catabolism of tryptophan which 
is energetically expensive to synthesize (Schuster eta/. 1999; Yanofsky 2004), 
Tryptophan synthesis requires 78.5 ATP equivalents and 12 biosynthetic steps 
for de novo synthesis in bacteria under aerobic conditions, consuming 
phosphenylpyruvate (14.5 ATP equivalents) , erythrose-4-phosphate (28 ATP 
equivalents) , and ribose-5-phosphate (30 ATP equivalents) plus ATP/NADPH 
directly utilized by enzymes in the tryptophan biosynthesis pathway (Craig & 
Weber 1998). Furthermore, tryptophan is limiting in the enteric environment, and 
indole itself is rarely used further in bacterial metabolism or as a primary carbon 
source (Bak & Wid del 1986; Yin eta/. 2005). The synthesis of tryptophan from 
indole by TnaA is energetically unfavorable, and use of indole as a metabolic 
precursor will result in slow or no growth in bacteria relying on this pathway 
(Edwards & Yudkin 1984; Watanabe & Snell 1972). 
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Expression and utilization of tryptophanase (TnaA) can be assumed to 
carry some metabolic cost. Transcription and translation of the tnaCAB operon 
will incur the metabolic cost required to synthesize these macromolecules 
(ATP/GTP used in synthesis plus the cost of precursors) (Akashi & Gojobori 
2002; Heizer eta/. 2006; Seligmann 2003). Additionally, catabolism of tryptophan 
to indole reduces the pool of an expensive and frequently limiting amino acid. As 
the TnaA enzyme is widespread in bacteria, it may be assumed that some 
selective pressure allows maintenance of this gene; however, the selective 
pressures on tryptophanase activity and indole production have not been 
identified. 
Gene loss is a common feature in evolution of bacterial pathogens. The 
theory of antagonistic pleiotropy indicates that species adapted to an intra-host or 
intracellular lifestyle will shed genes encoding functions that are not needed in 
that environment (Cooper & Lenski 2000). Broadly speaking, genome size of 
prokaryotes correlates positively with niche variability (Ambur eta/. 2009; Gordon 
2001 ), with obligate intracellular and obligate host-dwelling microbes possessing 
smaller genomes (Andersson & Kurland 1998; Casjens 1998) and showing 
higher loads of pseudogenes and insertion sequences (Lawrence eta/. 2001 ; 
Moran & Plague 2004) than environmental strains. Genes involved in signaling, 
including the tryptophanase gene, are among those genes most frequently lost 
during transition to an intracellular lifestyle (Merhej eta/. 2009; Rezwan eta/. 
2004). 
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Gene loss in adaptation to a host-centric life cycle may extend to loss of 
advantageous genes. Niche limitation has been proposed to play a role in this 
process; proposed mechanisms include reduced efficiency of selection and 
increased genetic drift (Hershberg eta/. 2007; Lawrence 2005; Moran 2002; 
Ochman & Moran 2001). It has been suggested that loss of tryptophanase 
activity' occurs as part of adaptation to an intracellular lifestyle (Rezwan eta/. 
2004); however, it is not known whether loss of this ability provides a selective 
advantage. The costs associated with tryptophanase are expected to be 
dependent on environmental conditions (nutritional conditions, fermentative vs. 
respiratory growth, etc) , and it is possible that the metabolic costs of 
tryptophanase are higher intra-host than under environmental conditions; 
however, it is also possible that loss of tryptophanase is neutral or 
disadvantageous and that these deletion events are random. Under conditions 
where indole production provides some selective advantage, it is expected that 
the ability to produce this signal will be maintaned preferentially and lost only due 
to stochastic events. 
Phylogenetic profiling will be used to track occurrence of the genes 
involved in indole signaling across diverse bacterial taxa, and the resulting 
occurrence profile will be compared with profiles from other E. coli genes of 
known function. These data will be used to discover lifestyle factors and gene 
families associated with gain or loss of indole signaling. 
Chapter II. Materials & methods 
Bacterial Strains 
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All experiments were performed using laboratory strains of Escherichia 
coli and Salmonella enterica serovar typhimurium. Ancestral wild-type E. coli K-
12 EMG2 (F+) obtained from Yale E. coli Genetic Stock Center (ECGC 4401) 
was the reference wild-type E. coli strain used in all experiments, and avirulent S. 
typhimurium L T2 (ATCC 700720) was the reference strain of non-typhoidal 
Salmonella used (Bachmann 1972; Hayashi eta/. 2006; Swords eta/. 1997; 
Wilmes-Riesenberg eta/. 1997). Single-gene knockout mutants were constructed 
from an E. coli KanR knockout library (Saba et a/. 2006) via lambda Red 
transduction (Datsenko & Wanner 2000) into wild-type. Mutants not available in 
the knockout library were constructed using the Datsenko-Wanner PCR products 
method (Datsenko & Wanner 2000). PCR primers for the Datsenko-Wanner 
method were designed using Oligocalc (Kibbe 2007) and obtained from 
Integrated DNA Technologies. Strains and primers used in this study are 
presented in Table 1. 
The 11tnaA, 11mtr, and 11mtrl1tnaA strains were created to study persistence 
in indole metabolism mutants (Figure 1). Knockouts of the AcrEF-ToiC system 
were not used, as this system's role in drug efflux (Kawamura-Sato eta/. 1999) 
could confound results in survival assays. 
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Table 1. Bacterial strains, primers, and plasmids used in this study. 
Strains and primers 
E. coli K12 strains 
EMG2 
EMG2 tnaA 
EMG2mtr 
EMG2 tnaA mtr 
EMG2pspBC 
EMG2 flu 
EMG2 flu oxyR 
I Genotype or sequence 
Wi ld-type 
K12 EMG2 LJtnaA 
K12 EMG2 LJmtr 
K12 EMG2 LJtnaA t!.mtr 0 KmR 
K12 EMG2LJpspBC 0 KmR 
K12 EMG2Miu 
K12 EMG2 M/u t!.oxyR 0 KmR 
Salmonella typhimurium strains 
S. typhimurium L T2 Wi ld-type 
L T2 narV S. typhimurium MarV o CmR 
Knockout confirmation primers 
tnaA Forward CCAGAGCCAAACCGATIAGA 
tnaA Reverse ACCATAACACCCCAAAATGC 
mtr Forward TGGTGATGGTCGTCGTITA 
mtr Reverse AGCTGGCGATGGATGTI AAG 
pspBC Forward AGAAAGCCACAGCTICGGTA 
pspBC Reverse CACAGCCAGCAACATITICA 
flu Forward CAGGGAACAACAGAACCACA 
flu Reverse GCTCTGAACAAAAGGCGAAG 
oxyR Forward AACTCTCGAAACGGGCAGT 
oxyR Reverse TICATATCGGTCAGGCGATI 
narV Forward CTGGGAAGAAGAACAGGTGAAG 
narV Reverse GAAGGCGTCAACATGGTAAATC 
mCherry F Internal TGTACGGTICCAAGGCCTAC 
mCherry R Internal CCCATGGTCTICTICTGCAT 
SpeeR F Internal GGTCACCGT AACCAGCAAAT 
SpeeR R Internal GCAGTCGCCCTAAAACAAAG 
Primers for phage-mediated PCR product knockouts 
E. coli pspBC Forward GGAGTACTTATGAGCGCGCTATITCTGGCTATTCCGGTGTAGGCTGGAGCTGCTTCG 
E. coli pspBC Reverse TMCTITCCTCACAGTTGACGGAAACGGCTACGTMCATATGMTATCCTCCTTAGTTCCTATTC 
L T2 narV Forward 1 TGMCGGGMGAGCAGGMMTAGTCATGTGTAGGCTGGAGCTGCTTCG 
L T2 narV Forward extend TACTCAAACGGCGCGCTCCAGACATGMCCAGACGGGTGMCGGGMGAGCAGG 
L T2 narV Reverse 1 TGCGCTATGACTACGGACAATATACCTGCGCGMTATCCTCCTTAGTTCCTATTCC 
L T2 narV Reverse extend TGCGCCACGGTATTCTTCCTCGGCAGTTGGCTGCGCTATGACTACGGAC 
Rescue plasmid construction 
Ina A cloning F CCGCGCCGTGCGGT ACCATGGAAAACTIT AAACATCTCCCTG 
Ina A cloning R CGCGGCGTCGTCTAGAGCTAACATCCTI ATAGCCACTCTG 
mtr cloning R GCGGTCGATCT AGAGTCGGAT AAGGCACCGCTGA TI AC 
mtr cloning F CGCGATGCGTCGGTACCATGGCAACACTAACCACCAC 
Rescue plasmids 
pZA21G 
pZA21-mlr 
pZA21-InaA 
KanR: Ptteto-1-GFP 
derivative of pZA21 G: mtr gene cassette replaces GFP (Kpni!Hi ndlll) 
derivative of pZA21 G: tnaA gene cassette replaces GFP (Kpni/Hindlll) 
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Table 1 (cont.) Bacterial strains, primers, and plasmids used in this study. 
qPCR primers I Genotype or sequence qPCR primers I Genotype or sequence 
E coli ahpC Forward TGCAGAAACTGGGCGTAGAC L T2 dps Forward CACTGACCGATCATCTGGATAC 
E coli ahpC Reverse TGTCGAAGTTACGGGTCAGG L T2 dps Reverse CGGATAGCTTTTCAGTGGAGTT 
E. coli ahpF Forward CGGCAGAAGAGCTGAACAAG L T2 katG Forward GATCCGGAGTTCGAGAAGATTT 
E coli ahpF Reverse CGAGGATCTGACCACCAAAA L T2 katG Reverse GCTTTTGGTCCCATATCTCTGT 
E coli dps Forward GCGCTAACTTCATTGCCGTA LT2 ssaR Forward GTAAAGCATTAGCGCCTTATCG 
E coli dps Reverse CGGGGTTTTGCTGTTGAT AA L T2 ssaR Reverse TTT ATGTCTTCAGGCCAGGTTC 
E coli grxA Forward CGGGTTGCCCTT ACTGTGT L T2 mgtB Forward ACTGCCATTCGACTTTGTACG 
E coli grxA Reverse CGGGTTTACCTGCCTTTTGT L T2 mgtB Reverse GGTGGCTACCATCATCATCTCT 
E coli pspA Forward GTGAGGTTGAATGGCAGGAA L T2 acrA Forward AGCGGTCGTATTGGTAAGTCAT 
E coli pspA Reverse CAGCGTCACTTCATGTTCCA L T2 acrA Reverse GACTGGGTCACATCGACATAAA 
E coli rrsC Forward AGCGGTGAAATGCGTAGAGA L T2 ram A Forward CACGATTGTCGAGTGGATTG 
E. coli rrsC Reverse TTT ACGGCGTGGACTACCAG L T2 ram A Reverse CCAGACTCTCCCCTTTGTACTG 
E coli rrsH Forward ATCAGATGCAGTTCCCAGGT L T2 sipB Forward GATTATGGAGCATGTGCTGAAG 
E coli rrsH Reverse GTAATACGGAGGGTGCAAGC L T2 sipB Reverse CCATCTCTGCCGTTTTCTTATC 
L T2 pspA Forward AGATCGAGTGGCAGGAAAAAG L T2 napF Forward GGATCTGGTTTTTACGCTCAC 
L T2 pspA Reverse GTGACTTCCTGTTCAAGCGTAG L T2 napF Reverse GATAACGTGGGACGAAAGGTAA 
L T2 pspE Forward CAGACAGGAACGATACGGTAAA L T2 invF Forward GAATGCTGGGAGAAGACTATGG 
L T2 pspE Reverse ACTGATACCGCCCATATTCATC L T2 invF Reverse ACGCCAGTTTCGT AA TTCACTC 
L T2 ahpC Forward CACAGCAGCTCTGAAACTATCG L T2 gmk Forward CACGGTGAGCACTA TTTCTTTG 
L T2 ahpC Reverse CTTCATCTTCACGCATGTTGTC L T2 gmk Reverse AGTGCCGTAGTAATTGCCAAAC 
L T2 ahpF Forward GAACGAAATCACCGAACGTAAC L T2 gyrB Forward AGCGATGGATCAGTACCAGATT 
L T2 ahpF Reverse CCAGTATCCACTTTAGCGACAA L T2 gyrB Reverse TGGCGTTATATTCAGAGACCAG 
L T2 trxC Forward ATCTTCCAGTGGTGATCGACTT L T2 rrsB Forward TACCTGGTCTTGACATCCACAG 
L T2 trxC Reverse CTTTGACGAA.ACGGACTTTACC L T2 rrsB Reverse ACATTTCACAACACGAGCTGAC 
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As the E. coli floxyR mutant self-aggregates due to de-repression of the 
flu gene, serial dilutions with this strain cannot be used to accurately determine 
cell viability. A flf/ufloxyR mutant was therefore constructed for use in serial 
dilutions (Danese eta/. 2000). The PspBC transmembrane proteins, which are 
responsible for activation of the phage shock response under most conditions 
(Brissette eta/. 1991 ), were deleted to prevent activation of the phage shock 
response via transmembrane signaling. 
Antibiotics and Chemicals 
The following concentrations of antibiotics were used in this study: 1 00 
j.Jg/ml ampicillin or carbenicillin , 10-60 j.Jg/ml kanamycin , 0.5-2 j.Jg/ml 
ciprofloxacin , and 1-5 j.Jg/ml ofloxacin . Strains containing kanamycin-resistance 
plasmids were grown with 30-60 j.Jg/ml kanamycin for selection, and strains 
containing spectinomycin-resistance cassettes were grown with 50 j.Jg/ml 
spectinomycin. Otherwise, antibiotic treatments were;:: 1 OX MIC to ensure killing 
of sensitive cells (Wiuff & Andersson 2007). All antibiotics were purchased from 
Sigma-Aldrich. L-tryptophan, indole (;::99%, FCC) and hydrogen peroxide (ACS 
reagent, stock strength 30%) were purchased from Sigma-Aldrich . 
Media and Growth Conditions 
All experiments were performed in accordance with standard protocols 
unless otherwise stated . Briefly, bacterial cultures were grown in light-insulated 
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shakers at 3rC (or 30°C) with shaking at 300 RPM (14 ml Falcon tubes, Fisher 
Scientific) or 900 RPM (96-well, clear, flat-bottom culture plates, Fisher Scientific; 
with Breathe-Easy® adhesive gas-permeable membrane, USA Scientific). 
Cultures were grown in tryptophan-free minimal medium (M9 + 0.2% Casamino 
acids+ 0.4% glucose, M9CG, pH >7.2) to minimize endogenous indole 
production or in rich media (Luria-Bertani, LB) to enable production of high 
concentrations of indole. 500 !JM of indole was added to cultures to approximate 
physiological levels in the mammalian gut (Jensen eta/. 1995). 
Antibiotic tolerance was assessed by incubating cultures for at least 3 
hours with antibiotic to allow full killing of sensitive cells (Keren eta/. 2004a; 
Keren eta/. 2004b). For stationary phase cultures, ofloxacin or ciprofloxacin 
treatment was used for killing of sensitive cells, as quinolones have bactericidal 
activity against stationary phase E. coli (Ashby eta/. 1994; Eng eta/. 1991; 
Keren eta/. 2004a). 10 IJL of culture medium was removed before addition of 
antibiotic and after antibiotic challenge for serial dilution in 1 x PBS, and serial 
dilutions were spot-plated onto LB agar (1 0 !JL spots). Serial dilution plates were 
allowed to grow overnight at 3rC, and colony counts were used to calculate 
CFU/ml. CFU measurements before and after antibiotic treatment were 
compared to determine survival. 
Indole-responsive growth assays were performed as follows. Cultures of 
E. coli were grown overnight in LB from glycerol stocks, then inoculated 1 :200 in 
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1 ml M9 + 0.2% glucose and incubated with shaking at 3rC. After two hours 
incubation, 0 or 50 !JM indole was added. Growth was determined by serial 
dilution and spot plating. 
Minimum Inhibitory Concentration (MIC) 
Minimum inhibitory concentration of ofloxacin was determined for all E. 
coli strains used in this study. Briefly, E. coli cultures were inoculated 1 :200 in 
M9CG containing ofloxacin concentrations of 0.025 !Jglml to 0.4 !Jglml (log2 
scale) in 96-well plates, covered with a gas-permeable membrane, and allowed 
to grow overnight at 3rC. OD5oo was measured at inoculation and after 
overnight incubation to determine growth. 
MIC of indole was determined according to a modified protocol. Briefly, 
cultures of S. typhimurium were inoculated 1:200 into 1 ml M9CG in 14-ml 
Falcon tubes and incubated with shaking at 3rC and 300 RPM for 3.5 hours. 
Cultures were then divided into 150 !JL aliquots in clear flat-bottomed 96-well 
plates, treated with indole (0 - 2 mM) and incubated with shaking at 3rc and 
900 RPM for 5 hours, at which point serial dilution and spot plating were 
performed to determine growth. 
Survival Assays 
E. coli cultures were inoculated 1:200 from overnight LB cultures into 1 ml 
M9CG in 14-ml Falcon tubes and incubated with shaking at 3rC. For 
exponential phase experiments, cultures were incubated for 4 hours before 
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treatment; for stationary phase experiments, cultures were incubated for 23 
hours before treatment. After the growth period, cultures were treated with 
indicated concentrations of indole and allowed to incubate 1 hour before 
challenge with antibiotics. 
Duration and intensity of antibiotic treatment were evaluated to determine 
their effects on the observed response to indole in stationary phase cultures of E. 
coli. Stationary phase cultures were incubated 1 hour with 500 !JM indole before 
treatment with ofloxacin . Cultures were treated with 5 IJg/mL ofloxacin for 3 or 8 
hours to test the effects of treatment duration, and cultures were treated with 1, 5 
or 10 IJg/mL ofloxacin for 8 hours to test the effects of treatment intensity. 
Survival was determined by serial dilution plating . 
Hydrogen peroxide treatment was performed as follows. Cultures were 
inoculated 1:200 (E. colt) or 1:500 (S. typhimurium) from overnight LB cultures 
into M9CG (1 ml in 14-ml Falcon tubes or 150 !JL in 96-well plates) and allowed 
to grow to exponential (3.5 hours) or stationary phase (24 hours) at 3rC. 
Cultures were incubated 1 hour with the indicated concentration of hydrogen 
peroxide before treatment with antibiotics. Serial dilution plating was performed 
before and after 1 hour hydrogen peroxide incubation and after 3 hours ofloxacin 
treatment to determine survival at each stage. 
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Complementation of Genetic Knockouts using Rescue Plasmids 
Rescue plasmids were constructed using the pZ system (Lutz & Bujard 
1997). Purification of restriction digest products and PCR products was 
performed using commercially available kits (Qiagen). Cloning primers contained 
an -8-bp GC-rich leader sequence, a restriction site for plasmid insertion, and a 
-26-bp homology sequence overlying the START or STOP codon of the gene of 
interest (Table 1). Genes for complementation were cloned from E. coli EMG2 
using hot-start Phusion PCR (Sigma-Aldrich) . PCR products and the parent 
plasmid pZA21-GFP were digested using Kpni/Bamlll and ligated using T4 DNA 
ligase (Sigma-Aldrich), replacing the GFP cassette with the gene of interest. 
Knockout strains were transfected with the spectinomycin-resistant Pro 
cassette to enable activation from the Pueto-1 promoter. Strains were then made 
electrocompetent by washing twice in ice-cold sterile water and twice in ice-cold 
sterile 1 0% glycerol. Electrocompetent strains were incubated 20 minutes with 
plasmid in cold 10% glycerol before electroporation at 2400V. Plasmid-
transformed cells were inoculated in SOC media and incubated 1 hour at 3rC to 
allow expression of plasmid-based resistance genes before addition of the 
appropriate antibiotic for selection. 
In all experiments, cultures were grown in media containing antibiotics for 
plasmid selection (35 j..Jg/ml kanamycin), and 25-50 ng/ml anhydrotetracycline 
(aTe) was added after 2--4 hours growth for induction of plasmid-borne genes. 
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Flow Cytometry and Fluorescence Activated Cell Sorting (FACS) 
E. coli K-12 bearing the plasmid pUA66-ptnaC-gfpmut2 (PtnaC) from a 
GFP reporter plasmid library (Zaslaver eta/. 2006) were inoculated 1 :200 from 
overnight LB cultures into 1 ml selective media (M9CG + 60 j..Jg/ml kanamycin) 
and allowed to grow 4 hours before treatment with 500 1-1M indole. Cultures were 
returned to shaker for 1 hour before sampling. Sample aliquots were diluted 
-1:1000 in 1X PBS before flow cytometry. 
Data collection and fluorescence-based sorting were performed using a 
BD Biosciences FACSAria system and BD FACSDiva software. BD cytometer 
setup and tracking beads were used for instrument calibration , and BD Accudrop 
beads were used for sort calibration. Fluorescence data were collected at 530 
nm emission (FL 1) using a 488 nm argon laser for excitation. Data were recorded 
for least 10,000 cells, and 500,000 cells were collected in each bin during sorting 
experiments. Data were processed using MATLAB (Mathworks, Natick, MA). 
Microfluidic Device Design and Construction 
Microfluidic design and construction were performed by Professor Ahmad 
"Mo" Khalil, then a postdoctoral researcher in the Collins lab. Our microfluidic 
devices were designed to enable single-cell observation of E. coli microcolonies 
and automated control of on-chip , environmental liquid switching. The design of 
the cell trapping scheme used in these microfluidic devices was adapted from the 
previously described Tesla microchemostat (Cookson eta/. 2005; Stricker eta/. 
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2008), in which cell trapping chambers were constructed with heights that match 
E. coli cylindrical diameters to support the growth of single monolayers. To this 
core design, we overlaid a control layer of integrated elastomeric valves to allow 
for on-chip switching of liquid inputs and outputs (Figure 2A-B). 
Multilayer microfluidic devices were fabricated out of the silicone 
elastomer polydimethylsiloxane (PDMS/Sylgard 184, Dow Corning) using 
multilayer soft lithographic techniques, as described previously (Duffy eta/. 1998; 
Thorsen eta/. 2002 ; Unger eta/. 2000). Briefly, two photoresist-based molds 
were used to fabricate the multilayer device, corresponding to flow and control 
layers patterned with respective microchannel structures. The flow layer mold 
was constructed by first patterning SU-8 2 negative photoresist (MicroChem 
Corp.) at the appropriate feature height onto a silicon wafer and transferring the 
cell trapping chamber pattern from a high-resolution transparency photomask 
(CAD/Art Services, Inc.) . Next, AZ4620 positive photoresist (Capitol Scientific, 
Inc.) was patterned at the larger flow channel feature height and aligned to the 
trapping chamber pattern before transferring. The completed flow layer mold was 
placed on a hotplate at 145°C for 1 minute to reflew the photoresist and round 
the channel profiles for complete valve closure in assembled devices. The control 
layer mold was constructed by patterning SU-8 1 0 negative photoresist 
(MicroChem Corp.) onto a second silicon wafer and similarly transferring the 
control layer pattern from a photomask. 
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Figure 2. Multilayer microfluidic chemostat device. (a) Schematic of the full microfluidic 
device. The flow layers are shown as grey channels . The control layer, consisting of 
integrated elastomeric valves for on-chip pneumatic valving of the flow channels, is shown as 
black channels. W1 and W2 denote waste ports. Cells loaded from port Care directed 
toward the cell trapping chamber (light grey channels; boxed (b)), which has been fabricated 
to the height of a single monolayer of E. coli. Once cells are seeded, flow is reversed to 
perfuse one of three liquid inputs (denoted 1, 2, and 3) that can be toggled ON and OFF in 
automated fashion . (c) Simulation of flow velocity fields within the cell chamber and adjacent 
flow channel segments for an input pressure of 1 psig. Flow fields were simulated using 
commercial finite element analysis software (COMSOL 4.0, MA). 
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Devices were fabricated via replica molding from the microfabricated 
master molds. PDMS/Sylgard 184 was mixed in a 10:1 ratio of elastomer 
base:curing agent, poured on the control layer mold to a thickness of -5 mm, and 
baked at 80°C for 2 hours. Elastomer was similarly prepared, spun onto the flow 
layer master (3500 rpm for 60s), and baked at 80°C for -10 min. The cured 
control layer was peeled from the master and aligned over the flow mold under a 
microscope. The multilayer assemblies were then baked for an additional 2 
hours, peeled from the master, cleaned, and finally sealed to pre-cleaned No. 1 
glass coverslips (Fisher Scientific) to realize monolithic devices. 
Flow Field Simulation 
Flow field simulation was performed by Professor Ahmad "Mo" Khalil. Flow 
fields were simulated using commercial finite element analysis software 
(COMSOL 4.0, MA) (Figure 2C). In these simulations, only the cell chamber and 
adjacent flow channel segments were considered to simplify the computation (the 
hydraulic inlet pressure for the model was estimated based on relative fluidic 
resistances). It was assumed that medium flow was steady and incompressible 
(with density 1000 kg/m3 and dynamic velocity 0.001 Pa·s) . The velocity profile 
along the flow channel (Reynolds number << 1) becomes fully developed within 
-100 !Jm of channel length, indicating that the channel segment in this model is 
sufficiently long for accurate computation of developed flow profile within the cell 
chamber. 
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Microfluidic Device Operation 
Microfluidic device operation was performed by Professor Ahmad "Mo" 
Khalil. Integrated devices were operated by a custom-built microfluidic platform 
that combines plumbing (i.e., fluidic tubing and manifolds), hardware, and 
software for the delivery of liquids to the device and for off-chip control of the 
elastomeric valves. Briefly, the control layer of the final assembled device was 
pressurized to and maintained at 15 psig in order to deflect the PDMS membrane 
downward into the flow channel and thus prevent fluid from passing. Off-chip 
control of these elastomeric valves, which are pressurized by a nitrogen gas 
source, was carried out by miniature solenoid check valves (The Lee Co.) that 
are driven by an analog-to-digital logic board (National Instruments PCI-DI0-
32HS) and an open-source JAVA operating software (Urbanski eta/. 2006). The 
JAVA library and interface abstracts the underlying device architecture, and thus 
allows complex device operations to be implemented and automated with simple 
logical commands(Urbanski eta/. 2006). 
Microfluidic Single-Cell Indole Response 
In each experiment, E. coli bearing the plasmid pUA66-ptnaC-gfpmut2 
from a GFP reporter plasmid library (Zaslaver eta/. 2006) were inoculated 1 :200 
from overnight LB cultures into 1 ml selective media (M9CG + 60 1-Jg/ml 
kanamycin) and allowed to grow 2-3 hours (OD -0.3) before seeding the 
microfluidic device. Meanwhile, the microfluidic device was mounted to the 
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microscope stage, elastomeric valves were pressurized and checked, and flow 
channels were wetted with PBST (PBS+ 0.05% Tween 20). Sample inputs, 
corresponding to (1) selective media, (2) selective media+ 500 !JM indole, and 
(3) selective media + 500 !JM indole + 100 j.Jg/ml ampicillin (FIGURE 2A) , were 
connected to the device through Tygon tubing (500 !Jm id) and primed. Cells 
were then loaded into the device from the cell input port, and upon trapping a 
small number of cells in the trapping chamber, flow was reversed to perfuse 
sample inputs through the chamber and support growth of several microcolonies. 
Cells received growth media (input (1)) for> 2 hours so that the total number of 
analyzed cells exceeded 50, then were treated with indole (input (2)) for 1 hour, 
followed by a 1-hour ampicillin treatment (input (3)), and finally an outgrowth with 
input (1) for 2::: 2 hours. Conditions throughout the experiment were maintained at 
37°C and 30% humidity with a LiveCell environmental chamber (Pathology 
Devices, Inc.). 
Timelapse Microscopy and Image Analysis 
Image capture and analysis were performed by Professor Ahmad "Mo" 
Khalil. During growth and treatment of the monolayer colonies, images were 
collected at 1 OOx magnification (Plan Apo VC 1 OOx) using an Eclipse Ti 
epifluorescence inverted microscope (Nikon Instruments, Inc.) equipped with the 
Perfect Focus System, a ProScan II XYZ-motorized stage (Prior Scientific, Inc.), 
and a CooiSNAP HQ2 charge-coupled device (CCD) camera (Photometries), and 
27 
controlled by the NIS-Eiements Advanced Research software (Nikon 
Instruments, Inc.). Images were acquired in the differential interference contrast 
(DIG) conFIGUREuration and in the GFP fluorescent channel, using a motorized 
fluorescence excitation and emission filter turret with a GFP filter set (Chroma 
Technology Corp.), a Lambda SC SmartShutter (Sutter Instrument), and an 
lntensilight C-HGFIE mercury fluorescent lamp (Nikon Instruments, Inc.). 
Specifically, we acquired DIG images at 3-minute intervals and GFP images at 6-
minute intervals while perfusing inputs (1) and (2), and increased the DIG image 
acquisition frequency to 30-second intervals during ampicillin treatment. 
Following each experiment (N = 3 replicates), the time series of DIG 
images was manually analyzed to identify the surviving cells from the population 
(i.e., cells that exhibited regrowth following ampicillin treatment). Single-cell 
fluorescence data were extracted from the time series of GFP images using the 
CeiiTracer (Wang eta/. 201 0) image analysis platform written for Matlab 
(Mathworks, Natick, MA). Mean fluorescent values for each segmented cell were 
subtracted from background, and maximum values across the time series were 
normalized with respect to the lowest fluorescing cell in the analyzed population 
and grouped into surviving or dying sub-populations. 
High Performance Liquid Chromatography (HPLC) 
Indole quantification was performed via HPLC using a protocol based on 
Lee eta/. (201 0), Kobayashi eta/. (2006) and Hirakawa eta/. (2009). Cultures of 
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E. coli were inoculated 1:200 from overnight LB cultures into 1 mL of LB or 
M9CG, and incubated 5 hours (exponential phase) or 24 hours (stationary 
phase) before harvesting. Cell-free medium for quantification of extracellular 
indole was obtained by centrifugation of whole culture (8K RPM, tabletop 
centrifuge) and purification of the resulting supernatant on Spin-X filter columns. 
HPLC was performed using a Waters C1a (5 1-Jm, 4.6 x 150) column with H20 + 
0.1% formic acid/acetonitrile (1: 1) as the isocratic mobile phase. Under these 
conditions, in M9 + 0.2% Casamino acids+ 0.4% glucose, indole eluted at 
approximately 2.9 minutes as a single peak at 271 nm. In LB, indole eluted at 
approximately 4 minutes as a single peak at 271 nm. A series of indole standards 
(M9CG: 5-600 1-JM, LB: 50-500 1-JM) in sterile growth medium was used to 
estimate indole concentration as a linear function of peak height and peak area. 
Each culture-time point combination was analyzed using three (exponential 
phase) or four (stationary phase) biological replicates; estimates for indole 
concentration were generated using both linear equations. Error bars represent 
mean± SO of all estimated values. All HPLC experiments were performed in the 
BU Chemical Instrumentation Center (Agilent 1 090 HPLC system, ChemStation 
software). 
HPLC was used to quantify indole, as this method is selective, sensitive 
and precise (Kema eta/. 2000) and is well-established in the indole literature 
(Han eta!. 201 0; Hirakawa eta!. 2009; Kawamura-Sato eta!. 1999; Kobayashi et 
a!. 2006; Lee eta!. 2010; Lee eta!. 2007b). Indole concentrations were 
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measured in the extracellular space, rather than attempt to measure indole 
associated with the cell pellet, as distinguishing between indole in the cytoplasm, 
indole in the periplasm, and indole that might stick to the outer membrane is 
difficult using HPLC. There are other methods to measure indole concentration , 
such as intracellular measurements using styrene monooxygenase (Lacour & 
Landini 2004; Pinero-Fernandez eta/. 2011 ), which hold promise for future 
understanding of indole signaling. 
C. e/egans Infection Model 
The temperature-sensitive AU37 (g/p-4 (bn2) I; sek-1 (km4) X) strain of C. 
elegans (Caenorhabditis Genetics Center) was used as a model organism for 
Salmonella pathogenesis in the host gut. Salmonella typhimurium has been 
shown to establish persistent infections in the C. e/egans gut (Aballay eta/. 2000; 
Labrousse eta/. 2000). Successful infection requires adhesion to the intestinal 
epithelium of C. e/egans and survival of the worm's antimicrobial defenses 
(Aiegado & Tan 2008). 
C. elegans cultures were synchronized from 10-14 100cm agar plates 
using a standard protocol (Stiernagle 2006). Synchronized L 1 larvae were 
washed to remove dauer pheromone and grown 3-4 days inS-medium 
(Stiernagle 2006) + concentrated E. coli OP50 at 25°C with shaking at 200 RPM 
to allow the larvae to reach adulthood. Synchronized cultures of adult C. elegans 
were then sucrose washed to remove OP50 and other debris (Portman 2006) 
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and resuspended in 1 ml S-medium with E. coli EMG2 !ltnaA Pro as a food 
source (50X concentrated E. coli from overnight stationary phase cultures in LB, 
100 1-JL food per ml worm culture) . Indole (0 or 125 1-JM) was added with bacteria, 
and worm cultures were incubated 24 hours at 25°C to acclimatize worms. S. 
typhimurium LlnarV:CmR was then grown to late exponential/early stationary 
phase in LB, then spun down and resuspended at 50X concentration ; 25 1-JL of 
concentrated pathogens were introduced to 1 ml worm culture, and cultures 
were incubated for 12 hours at 25°C to allow establishment of the initial 
infection, after which cultures were washed 4X in M9 worm buffer (Stiernagle 
2006) to remove external pathogens and incubated 24 hours further on E. coli 
(1 00 1-JL 50X food per ml worm culture as previously described) in S-medium ± 
indole to allow Salmonella infection to progress. Cultures were then treated with 
antibiotics (2 1-Jg/ml ciprofloxacin or 200 1-Jg/ml carbenicillin); higher 
concentrations were used here than in in vitro experiments because the worm 
represents a barrier to diffusion of the drug, and titration experiments( not shown) 
were performed to determine what concentrations of antibiotics were needed for 
bactericidal activity in this system. 
At 0 and 24 hours antibiotic treatment, samples of C. elegans cultures 
were washed 6X in M9 worm buffer to remove external bacteria , and internal 
bacteria were harvested by mechanical disruption of worms in M9 worm buffer + 
0.5% Triton X-1 00 + 5% SDS. Internal bacteria were pelleted by centrifugation (2 
31 
minutes at 12K RPM in a tabletop centrifuge), washed 3X in M9 worm buffer to 
remove Triton X-100 and SDS, and dilution plated on selective media to 
determine CFU/ml. Subsamples (25-100 IJL) of un-disrupted worm culture were 
paralyzed with 10% sodium azide, dropped on LB agar, and counted under a 
dissection microscope to determine worms/ml, and this number was used to 
calculate average CFU/worm. 
These experiments were repeated using EMG2 att:SpR-mCherry as a 
food source and S. typhimurium pZA21-GFP as the infectious agent. After 24-48 
hours development of Salmonella infection, samples of worm culture were 
washed and mounted on 2% agar slides for fluorescent microscopy. 
To determine whether indole production by E. coli could affect Salmonella 
persistence in the worm model , synchronized cultures of adult C. elegans were 
incubated in modified S-medium (pH -7, adjusted with 10N NaOH) with 0-1 mM 
tryptophan using E. coli EMG2 Pro or 11tnaA Pro as a food source. When 
prepared according to standard protocols, fresh S-medium has pH -5.5, and 
indole production in E coli is inefficient under acidic conditions (Blankenhorn et 
a/. 1999; Han eta/. 201 0). Cultures were incubated as previously described for 
24 hours to allow production of indole prior to infection. After 24 hours, S. 
typhimurium LlnarV:CmR (50X concentrated culture prepared as previously 
described) was introduced, and infection was permitted to develop for 36 hours; 
cultures were not washed to remove external pathogens during this step, as this 
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would remove any E. coli-produced indole from the medium. Antibiotic treatment, 
worm disruption, and CFU/worm counts were performed as previously described. 
Gene Expression Analysis 
RNA was collected from indole-treated and untreated cultures of E. coli K-
12 and S. typhimurium L T2. Cultures were inoculated 1:200 (E. colt) or 1:500 (S. 
typhimurium) from overnight LB cultures into 1 ml of M9CG in 14 ml Falcon 
tubes. E. coli cultures were incubated 4 hours (exponential phase) or 23 hours 
(stationary phase) before treatment with indole; for L T2, cultures were incubated 
3.5 hours before treatment with indole. After 30 minutes incubation with indole (0-
500 j..JM), cultures were stabilized with RNAprotect Bacteria Reagent (Qiagen) 
according to the manufacturer's protocol, and the resulting cell pellets were 
stored overnight at -80°C. RNA extraction was performed using RNeasy Mini Kit 
(Qiagen) and DNA contamination was eliminated using TURBO DNA-Free 
(Ambion , Austen, TX) according to the manufacturers' protocols. Sample 
concentration was estimated using the N D-1 000 NanoDrop spectrophotometer. 
Standard PCR using Taq polymerase and qPCR primers (see below for primer 
information) was used to test for DNA contamination in RNA samples after 
TURBO DNA-Free digestion (4% RNA suspension by volume, -30-35 cycles). 
RNA was stored at -80°C. 
eDNA for qPCR was synthesized from RNA using the Superscript Ill First 
Strand Synthesis kit (Invitrogen) and stored at -20°C. rrsC and rrsH were used as 
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reference genes for E. coli; gmk, gyrB, and rrsH were used as reference genes 
for S. typhimurium. Quantitative PCR primers for each transcript of interest and 
the reference transcripts were designed based on the NCBI E. coli K-12 MG1655 
genomic sequence (Refseq NC_000913) or the NCBI S. typhimurium LT2 
genomic sequence (Refseq NC_003197) using Primer3Pius software 
(Untergasser eta/. 2007) (Table 1 ). Primers were designed under the following 
constraints: amplicon size was 130-160 bp, the calculated primer melting 
temperature was -55°C, GC content was 45-55%, and probabilities of primer-
dimer/hairpin formations were minimized. Primer specificity was confirmed via 
standard Taq polymerase PCR on genomic DNA. 
qPCR reactions using LightCycler 480 SYBR Green I Master Kit (Roche 
Applied Science) were prepared manually according to the manufacturer's 
instructions. qPCR reactions were performed with a total volume of 20 1-JI, 
containing 0.5 1-JM of forward primers and 0.5 1-JM of reverse primers and 10 1-11 2X 
480 SYBR Green Master Mix. Reactions were carried out in white LightCycler 
480 96-well plates (Roche). One negative control (replacing eDNA with PCR 
H20) was performed for each primer set in all qPCR runs. PCR parameters were: 
denaturation (95°C for 10 minutes), 30-35 cycles of three-segment amplification 
(95°C for 10 seconds, 50-52"C for 10 seconds, 72°C for 10 seconds). The 
thermal cycling program was concluded with a dissociation curve (65 ~C ramped 
to 95 OC, 10 seconds at each 1 oc interval) to detect non-specific amplification or 
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primer-dimer formation . Relative quantification was performed using the {).{).Ct 
method (Livak & Schmittgen 2001) 
. Data were evaluated for consistency using previously described metrics 
(Gardner eta/. 2003) , and results were recorded as magnitude of the change in 
expression after normalization, using reference gene expression as detailed 
previously (Pfaffl 2001 ). qPCR was performed using 3-5 biological replicates for 
each growth phase/treatment combination reported ; technical duplicates were 
performed on separate days to assess variability. 
Gene expression profiles were determined from total E. coli RNA using 
Affymetrix E. coli Antisense 2 genome arrays. The resulting microarray *.CEL 
files were combined with *.CEL files from Affymetrix E. coli arrays archived in the 
Many Microbe Microarrays (M30 ) database and arrays previously generated by 
our laboratory (http://m3d.bu.edu/; Ecoli_b17) (Faith eta/. 2007) , and RMA 
normalized with RMAExpress, for a total of 809 RMA-normalized E. coli arrays. 
Standard deviation of expression (a) was calculated from the arrays using wild-
type strains (E. coli K-12 MG1655 and EMG2); separate calculations were made 
for exponential phase (462 arrays) and stationary phase (27 arrays). Z-scale 
differences for each gene were calculated based on the difference between 
normalized expression under an experimental condition (indole treatment) and a 
control (no treatment) : 
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/'1Z = X exp - X control 
exp (Y 
Under each experimental condition (exponential phase or stationary 
phase) , genes showing significant differences in gene expression (lzl ;::: 2 , p::::; 
0.05) were identified as being significantly affected by indole treatment (Storey & 
Tibshirani 2003). Analysis of normalized data and creation of heat-map plots 
were performed in MATLAB. Visualization of gene expression data was 
performed in Cytoscape (Shannon eta/. 2003). 
Hypergeometric test-based Gene Ontology enrichment analysis was 
performed on sets of genes for which expression was altered at least a factor of 
1.8 by indole treatment in exponential phase and stationary phase cultures of E. 
coli. These analyses were based on Gene Ontology (GO) biological process 
category annotations obtained from EBI 
(http://www.ebi.ac.uk/GOA/proteomes/18.E_coli_K-12.goa). Genes lacking 
functional annotations were excluded. These analyses were performed in R (Fica 
eta/. 1994) using GOstats in Bioconductor (Audia eta/. 2001 ; Falcon & 
Gentleman 2007). 
Phylogenetic Analyses: A-Proteobacteria 
An initial set of tryptophanase-positive A-Proteobacterial species were 
located within the NCBI database by searching within the A-Proteobacteria for 
bacterial species for which both annotated TnaA genes/tryptophanase proteins 
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and complete 16S rRNA sequences were available. If multiple strains were 
available for a species, the type strain was chosen, unless TnaA and 16S RNA 
sequences were not available for that strain; in that event, the available strains 
were searched alphabetically until annotated sequences were found. 
The full set of A-Proteobacteria species for 16S alignment was selected as 
follows. No tryptophanase-positive strains were found in Acidithiobacil/ales, 
Cardiobacteria/es, Chromatiales, Legionellales, Methylococcales, 
Oceanospirillales, Pseudomonadales, Salinisphaerales, Thiotrichales, or 
Xanthomonadales, and these orders were excluded from analysis. Within orders 
containing tryptophanase-positive species, at least one tryptophanase-negative 
strain was located for which a complete 16S rRNA sequence was available; if 
possible, the tryptophanase-negative and positive strains were taken from the 
same family. Due to the large size of the Enterobacteraceae and the prevalence 
of tryptophanase-positive species in this family, at least one species was 
included from each enterobacterial genus if a complete 16S rRNA sequence 
could be found. Partial sequences for 16S rRNA were excluded. Using this 
protocol , a total of 42 A-Proteobacteria species were selected (Table 2). 
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Table 2. A-Proteobacteria species used in construction of 165 distance tree (N = 42). 
Fusobacterium nuc/eatum subspecies nucleatum ATCC 25586 was used as root. 
Species 
Actinobacillus pleuropneumoniae serovar 7 strain AP76 
Aeromonas hydrophila subspecies hydrophila ATCC 7966 
Aliivibrio salmonicida LFI1236 
Buchnera aphidicola APS 
Citrobacter koseri A TCC BAA-895 
Dickeya dadantii 3937 
Edwardsiella tarda EIB202 
Enterobacter cloacae SCF1 
Escherichia coli K-12 MG1655 
Escherichia coli 0157:H7 strain EDL933 
Fusobacterium nucleatum subspecies nucleatum ATCC 25586 
Haemophilus ducreyi 35000HP 
Haemophilus influenzae 86-028NP 
Haemophilus somnus 2336 
Klebsiella oxytosa 5 
Klebsiella pneumoniae subspecies pneumoniae NTUH-K2044 
Listonella anguillarum 
Mannheimia succiniproducens MBEL55E 
Pantoea ananatis LMG 20103 
Pasteurella dagmatis 
Pasteurella multocida subspecies multocida strain Pm70 
Photobacterium profundum SS9 
Photorhabdus luminescens 
Proteus vulgaris 
Providencia stuartii DSM 4539 
Pseudomonas aeruginosa PA01 
Pseudomonas fluorescens Pf-5 
Pseudomonas putida GB-1 
Salmonella enterica subspecies enterica serovar Typhimurium strain L T2 
Serratia odorifera DSM 4582 
Shewanella sediminis HAW-EB3 
Shigella boydii CDC 3083-94 
Shigella dysenteriae FBD012 
Shigella flexneri 5 strain 8401 
Shigella sonnei FBD020 
Vibrio cholerae 01 biovar El Tor strain N16961 
Vibrio harveyi ATCC BAA-1116 
Vibrio parahaemolyticus RIMD 2210633 
Vibrio vulnificus M06-24/0 
Yersinia enterocolitica subspecies enterocolitica 8081 
Yersinia kristensenii Asd MY-1 
Yersinia pestis biovar Microtus strain 91001 
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For all genes examined, species were considered to have the gene if a 
candidate could be identified in the following process. First, the species genome 
was searched by gene name. If no candidates were found, or if multiple 
candidates were found, protein BLAST was performed against the protein 
sequence obtained from E. coli K-12 MG1655. If protein BLAST indicated 
matching sequences, the set of matches for which homology was obtained over 
;::: 90% of the protein sequence was examined for candidates, and the highest-
ranking match in that set was used to obtain the corresponding gene sequence. 
Evolutionary distance between pairs of species was determined in 
MATLAB using the Jukes-Cantor correction. Trees were generated using the 
UPGMA clustering algorithm and various neighbor-joining methods to confirm 
phylogenetic relationships. Fusobacterium nuc/eatum (phylum Fusobacteria) was 
used as an out-group. Linear regressions on pairwise distance measures were 
performed in R; pairs including the Fusobacterium out-group were excluded from 
these analyses. Phylogenetic trees were compared in R using the phybase 
package in Bioconductor (Ma eta/. 2003). 
Phylogenetic Analyses: Bacteria 
Bacterial species were selected for phylogenetic analysis as follows. We 
began with the list of bacterial species for which at least one fully sequenced 
genome was available in NCB I (1598 species), as these organisms were likely to 
be somewhat well-studied, would have at minimum a full computationally-inferred 
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proteome, and were likely to have associated metabolic and lifestyle-associated 
data required for profiling. The lproks habitat and lifestyle data set was obtained 
from NCBI and manually curated for consistency and accuracy and to fill in 
missing data where possible, and species with incomplete habitat data were 
removed from consideration. The species list was manually curated to ensure 
diversity, resulting in a list of 586 bacterial species: individual species were 
limited to 1-2 strains, type strains were retained when possible, and multiple 
strains were retained only where needed to reflect habitat diversity. This list was 
further refined to exclude taxonomic groups with only one representative and 
species with irreparable gaps in habitat and lifestyle data, resulting in a final list 
of 529 bacterial species (Table 3). 
Sequence analysis was performed using the pblast routine with default 
parameters in NCB I Standalone BLAST (Camacho eta/. 2009) with the E. coli K-
12 MG1655 protein set as reference. Calls to Standalone BLAST and further 
processing of results were performed using R. Results were filtered to exclude 
alignments covering <50% of protein length and bitscores <50 (Enault eta/. 
2003) to exclude short and/or weak alignments on the grounds that these were 
unlikely to correspond to true orthologs. Under this criterion , the highest-matched 
protein from each species was provisionally considered to be orthologous to the 
E. coli reference protein. 
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Table 3. Bacterial species used in phylogenetic profiling. 
Organism Name 
Acidimicrobium ferrooxidans DSM 10331 
Acidothermus cellulo lyticus 11 B 
Arthrobacter aurescens TC 1 
Arthrobacter chlorophenolicus A6 
Arthrobacter phenanthrenivorans Sphe3 
Beutenbergia cavernae DSM 12333 
Bifidobacterium adolescentis ATCC 15703 
Bifidobacterium animalis subsp . lactis AD011 
Bifidobacterium breve UCC2003 
Bifidobacterium longum DJ010A 
Brachybacterium faecium DSM 4810 
Catenulispora acidiphila DSM 44928 
Cellulomonas flavigena DSM 201 09 
Clavibacter michiganensis subsp. michiganensis NCPPB 382 
Conexibacter woesei DSM 14684 
Coriobacterium glomerans PW2 
Corynebacterium aurimucosum ATCC 700975 
Corynebacterium diphtheriae NCTC 13129 
Corynebacterium efficiens YS-314 
Corynebacterium glutamicum ATCC 13032 
Corynebacterium jeikeium K4 11 
Corynebacterium kroppenstedtii DSM 44385 
Corynebacterium urealyticum DSM 71 09 
Eggerthella lenta DSM 2243 
Gardnerella vaginalis ATCC 14019 
Geodermatophilus obscunus DSM 43160 
Gordonia bronchialis DSM 43247 
Kineococcus radioto lerans SRS30216 
Kocuria rhizophila DC220 1 
Kribbella flavida DSM 17836 
Leifsonia xyli subsp . xyli str. CTCB07 
Micrococcus luteus NCTC 2665 
Micromonospora aurantiaca ATCC 27029 
Mycobacterium abscessus ATCC 19977 
Mycobacterium avium 1 04 
Mycobacterium avium subsp . paratuberculosis K-1 0 
Mycobacterium bovis AF2122197 
Mycobacterium leprae Br4923 
Mycobacterium marinum M 
Mycobacterium smegmatis str. MC2 155 
Mycobacterium tuberculosis CDC1551 
Mycobacterium ulcerans Agy99 
Nakamurella multipartita DSM 44233 
Nocardia farcinica IFM 1 0152 
Propionibacterium acnes KPA 171202 
Renibacterium salmoninarum ATCC 33209 
Rhodococcus erythropolis PR4 
Rhodococcus jostii RHA 1 
Rubrobacter xylanophilus DSM 9941 
Saccharomonospora vi ridis DSM 43017 
Saccharopolyspora erythraea NRRL 2338 
Salinispora arenicola CNS-205 
Salinispora tropica CNB-440 
Group 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteri a 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteri a 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actina bacteria 
Actinobacteria 
Actina bacteria 
Actina bacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
41 
Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Sanguibacter keddieii DSM 10542 
Slackia heliotrinireducens DSM 204 76 
Streptomyces avermitilis MA-4680 
Streptomyces coelicolor 
Streptomyces flavogriseus ATCC 33331 
Streptomyces griseus subsp . griseus NBRC 13350 
Streptosporangium roseum DSM 43021 
Thermobifida fusca YX 
Thermobispora bispora DSM 43833 
Thermomonospora curvata DSM 43183 
Tropheryma whipplei str. Twist 
Tsukamurella paurometabola DSM 20162 
Acidiphilium cryptum JF-5 
Agrobacterium radiobacter KB4 
Agrobacterium tumefaciens str. C58 
Agrobacterium vitis S4 
Asticcacaulis excentricus CB 48 
Azorhizobium caulinodans ORS 571 
Bartonella bacilliformis KC583 
Bartonella grahamii as4aup 
Bartonella henselae str. Houston-1 
Bartonella tribocorum CIP 105476 
Bradyrhizobium japonicum USDA 110 
Brucella abortus bv. 1 str . 9-941 
Brucella abortus S1 9 
Brucella melitensis ATCC 23457 
Brucella avis ATCC 25840 
Brucella pinnipedialis B2/94 
Brucella suis ATCC 23445 
Caulobacter crescentus CB 15 
Caulobacter segnis ATCC 21756 
Erythrobacter litoralis HTCC2594 
Gluconacetobacter diazotrophicus PAl 5 
Gluconobacter oxydans 621 H 
Granulibacter bethesdensis CGDNIH 1 
Hirschia baltica ATCC 49814 
Hyphomicrobium denitrificans ATCC 51888 
Hyphomonas neptunium ATCC 15444 
Magnetospirillum magneticum AMB-1 
Maricaulis maris MCS1 0 
Mesorhizobium loti MAFF303099 
Mesorhizobium opportunistum WSM2075 
Methylobacterium chloromethanicum CM4 
Methylobacterium extorquens AM1 
Methylobacterium nodulans ORS 2060 
Methylobacterium radiotolerans JCM 2831 
Methylocella silvestris BL2 
Nitrobacter hamburgensis X14 
Nitrobacter winogradskyi Nb-255 
Novosphingobium aromaticivorans DSM 12444 
Ochrobactrum anthropi ATCC 49188 
Oligotropha carboxidovorans OM5 
Orientia tsutsugamushi str. Boryong 
Group 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Actinobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alpha prot eo bacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
42 
Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Paracoccus den~rificans PD1222 
Parvibaculum lavamentivorans DS-1 
Parvularcula bermudensis HTCC2503 
Phenylobacterium zucineum HLK1 
Rhizobium etli CFN 42 
Rhizobium etli CIAT 652 
Rhizobium legumin asarum bv viciae 3841 
Rhodobacter capsulatus SB 1003 
Rhodobac1er sphaeroides ATCC 17029 
Rhodopseudomonas palustris HaA2 
Rhodospirillum centenum SW 
Rhodospirillum rubrum ATCC 11170 
Rickettsia africae ESF-5 
Rickettsia akari str. Hartford 
Rickettsia bellii RML369-C 
Rickettsia canadensis str. McKiel 
Rickettsia conorii str. Malish 7 
Rickettsia felis URRVVXCal2 
Rickettsia massiliae MTU5 
Rickettsia peacockii str. Rustic 
Rickettsia prowazekii Rp22 
Rickettsia rickettsii str. Sheila Smith 
Rickettsia typhi str. Wilmington 
Roseobacter denitrificans OCh 114 
Roseobacter litoralis Och 149 
Sinorhizobium fredii NGR234 
Sinorhizobium medicae WSM419 
Sinorhizobium meliloti 1021 
Sphingomonas wittichii RW1 
Xanthobacter autotrophicus Py2 
Zymomonas mobilis subsp. mobilis ATCC 10988 
Aquifex aeolicus VF5 
Hydrogenobacter thermophilus TK-6 
Persephonella marina EX-H1 
Sulfurihydrogenibium azorense Az-Fu1 
Bacteroides fragilis NCTC 9343 
Bacteroides thetaiotaomicron VPI-5482 
Bacteroides vulgatus ATCC 8482 
Blattabacterium str. Bge 
Capnocytophaga ochracea DSM 7271 
Chitinophaga pinensis DSM 2588 
Chlorobaculum parvum NCIB 8327 
Chlorobium chlorochromatii CaD3 
Chlorobium limicola DSM 245 
Chlorobium luteolum DSM 273 
Chlorobium phaeobacteroides BS1 
Ch lorobium phaeovibrioides DSM 265 
Chloroherpeton thalassium ATCC 35110 
Cytophaga hutchinsonii ATCC 33406 
Dyadobacterfenmentans DSM 18053 
Flavobacterium johnsoniae UW1 01 
Flavobacterium psychrophilum JIP02186 
Gramella forsetii KT0803 
Group 
Alphaproteobacteria 
Alphaproteobact eria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobact eria 
AI phaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobact eria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaprot eobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaproteobacteri a 
Alphaproteobacteria 
Alphaproteobacteria 
Alphaprot eobacteria 
Alp haproteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
Alphap roteobacteria 
Alphaproteobacteria 
Alphaproteobacteria 
A lphaproteobacteria 
Alphaproteobacteria 
Alphaproteob acteri a 
Aquificae 
Aquificae 
Aquificae 
Aquificae 
Bacteroid etes/Chlorobi 
Bacteroidetes!Chlorobi 
Bacteroid et es/C hi a rob i 
Bacteroid etes/Chlorobi 
Bacteroid et es/Chl oro b i 
Bacteroidetes/Chlorobi 
Bact eroidet es/Chlorobi 
Bacteroid et e s/Ch I arabi 
Bacteroid et e siC h lorobi 
Bacteroidetes/Chlorobi 
Bacteroidetes/Chlorobi 
Bacteroid etes/Chlorobi 
Bacteroid ete s/Chl oro b i 
Bacteroidetes/Chlorobi 
Bacteroidetes/Chlorobi 
Bacteroid et es/Ch I oro b i 
Ba cteroidetes/Chlorobi 
Bacteroidetes/Chlorobi 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Paludibacter propionicigenes WB4 
Parabacteroides distasonis ATCC 8503 
Pedobacter heparinus DSM 2366 
Pelodictyon phaeoclathratiforme BU-1 
Porphyromonas gingivalis ATCC 33277 
Prosthecochloris aestuarii DSM 271 
Rhodothermus marin us DSM 4252 
Riemerella anatipestifer DSM 15868 
Robiginitalea biformata HTCC2501 
Salinibacter ruber DSM 13855 
Spirosoma linguale DSM 74 
Zunongwangia profunda SM-A87 
Acidovorax avenae subsp. avenae ATCC 19860 
Acidovorax citrulli MC00-1 
Acidovorax ebreus TPSY 
Aromatoleum aromaticum EbN1 
Bordetella avium 197N 
Bordetella bronchiseptica RB50 
Bordetella parapertussis 12822 
Bordetella pertussis Tohama I 
Bordetella petrii DSM 12804 
Burkholderia ambifaria AMMO 
Burkholderia cenocepacia MC0-3 
Burkholderia glumae BGR1 
Burkholderia mallei ATCC 23344 
Burkholderia multivorans ATCC 17616 
Burkholderia phymatum STMB15 
Burkholderia phytofirmans PsJN 
Burkholderia pseudomallei 11 06a 
Burkholderia thailandensis E264 
Burkholderia vietnamiensis G4 
Burkholderia xenovorans LB400 
Chromobacterium violaceum ATCC 12472 
Comamonas testosteroni CNB-1 
Cupriavidus metallidurans CH34 
Cupriavidus taiwanensis 
Dechloromonas aromatica RCB 
Gallionella capsiferriformans ES-2 
Herminiimonas arsenicoxydans 
Laribacter hongkongensis HLHK9 
Leptothrix cholodnii SP-6 
Methylibium petroleiphilum PM1 
Methylobacillus flagella! us .KT 
Methylotenera mobilis JLWB 
Methylovorus glucosetrophus SIP3-4 
Neisseria gonorrhoeae FA 1090 
Neisseria meningitidis MC58 
Nitrosomonas europaea ATCC 19718 
Nitrosospira multiformis ATCC 25196 
Polaromonas naphthalenivorans CJ2 
Polaromonas sp JS666 
Polynucleobacter necessarius subsp. asymbioticus QLW-P1 DMWA-1 
Polynucleobacter necessarius subsp. necessarius STIR1 
Group 
Ba cteroidetes/Chlorobi 
Bact era id et e s/C hI oro b i 
Bact era i d et e s/Ch I oro b i 
Bacteroid et e s/Ch I oro b i 
Bacteroidet es/Chlorobi 
Bact eroidet es/Chlorobi 
Bacteroid et e s/C h lorob i 
Bacteroid et e s/C h lo rob i 
Bacteroid etes/Chlorobi 
Bacteroid etes/Chlorobi 
Bacteroid etes/Chlorobi 
Bacteroid etes/Chlorobi 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
B etaproteobacteria 
Betaproteoba cteria 
B etaproteobacteria 
Betaproteo bacteria 
Betaproteoba cteria 
B etaproteo bacteria 
Betaproteobacteria 
Betaproteoba cteria 
Betaproteoba cteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Beta proteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
B etaproteobacteria 
Betaproteobacteria 
B etaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteoba cteria 
Betaproteobacteria 
Betaproteobacteria 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Ralstonia eutropha H16 
Ralstonia eutropha JMP134 
Ralstonia pickettii 120 
Ralstonia solanacearum GMI1 000 
Rhodoferax ferrireducens T11 8 
Thiobacillus denrtrificans ATCC 25259 
Variovorax paradoxus 8110 
Chlamydia muridarum Nigg 
Chlamydia trachomatis 434/Bu 
Chlamydophila abortus 826/3 
Chlamydophila caviae GPIC 
Chlamydophila felis F e/C-56 
Chlamydophila pneumoniae AR39 
Chloroflexus aggregans D8M 9485 
Chloroflexus aurantiacus J-10-fl 
Dehalococcoides ethenogenes 195 
Roseiflexus castenholzii D8M 13941 
Thermomicrobium roseum D8M 5159 
Anabaena variabilis ATCC 29413 
Gloeobacter violaceus PCC 7421 
Microcystis aerug inosa NIES-843 
Nostoc azollae 0708 
Nostoc punctiforme PCC 73102 
Prochlorococcus marinus str. AS9601 
Synechococcus elongatus PCC 6301 
Thermosynechococcus elongatu s BP-1 
Trichodesmium erythraeum IM8101 
Deinococcus geothermalis D8M 11300 
Deinococcus radiodurans R1 
Meiothermus ruber DSM 1279 
Meiothermus silvanus DSM 9946 
Thermus thermophilus HB27 
Anaeromyxobacter dehalogenans 2CP-C 
Bdellovibrio bacteriovorus HOt 00 
Desulfatibacillum alkenivorans AK-01 
Desulfobacterium autotrophicum HRM2 
Desulfococcus oleovorans Hxd3 
Desulfohalobium retbaense 08M 5692 
Desulfomicrobium baculatum DSM 4028 
Desulfovibrio alaskensis G20 
Desulfovibrio desulfuricans subsp. desulfuricans str. ATCC 27774 
Desulfovibrio salexigens 08M 2638 
Desulfovibrio vulgaris str. Hildenborough 
Desulfurivibrio alkaliphilus AHT2 
Geobacter bemidjiensis Bern 
Geobacter lovleyi SZ 
Geobacter metallireducens GS-15 
Geobacter sulfurreducens PCA 
Haliangium ochraceum 08M 14365 
Myxococcus fulvus HW-1 
Myxococcus xanthus OK 1622 
Pelobacter propionicus D8M 2379 
8orangium cellulosum -So ce 56-
Group 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Betaproteobacteria 
Chlamydiae/Verrucomicrobia 
ChlamydiaeNerrucomicrobia 
ChlamydiaeNerrucomicrobia 
Ch lamydiaeNerrucomicrobia 
ChlamydiaeNerrucomicrobia 
ChlamydiaeNerrucomicrobia 
Chloroflexi 
Chloroflexi 
Chloroflexi 
Ch loroflexi 
Chloroflexi 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Cyanobacteria 
Deinococcus-Thermus 
Deinococcus-Thermus 
Deinococcus-Thermus 
Deinococcus-Thermus 
Deinococcus-Thermus 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteo bacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaprote o bacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteobact eria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Delta proteobacteria 
Deltaproteobacteria 
Deltaproteobacteria 
Deltaproteoba cteria 
Deltaproteobacteria 
De ltaproteobacteria 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Syntrophobacter fumaroxidans MPOB 
Syntrophus aciditrophicus SB 
Arcobacter butzleri RM4018 
Campylobacter concisus 13826 
Campylobacter curvus 525.92 
Campylobacter fetus subsp. fetus 82-40 
Campylobacter hominis ATCC BM-381 
Campylobacter jejuni RM1221 
Campy lobacter lari RM2100 
Helicobacter acinonychis sir. Sheeba 
Helicobacter hepaticus ATCC 51449 
Helicobacter pylori 26695 
Nautilia profundicola AmH 
Sulfurospirillum deleyianum DSM 6946 
Wolinella succinogenes DSM 17 40 
Acidaminococcus fermentans DSM 20731 
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446 
Alkaliphi lus oremlandii OhllAs 
Ammonifex degensii KC4 
Anaerococcus prevotii DSM 20548 
Anoxybacillus flavithermus WK1 
Bacillus anthracis sir. AD248 
Bacillus cellulosilyt icus DSM 2522 
Baci llus cereus ATCC 10987 
Bacillus cereus B4264 
Bacil lus cytotoxicus NVH 391-9B 
Bacillus halodurans C-125 
Bacillus licheniformis ATCC 14580 
Bacil lus megaterium QM B1551 
Bacil lus pseudofirmus OF4 
Bacillus pumilus SAFR-032 
Bacillus selenitireducens MLS1 0 
Bacillus subti lis subsp. subtilis str. 168 
Bacillus thu ringiensis serovar konkukian str. 97-27 
Bacillus weihenstephanensis KBAB4 
Brevi bacillus brevi s NBRC 100599 
Butyrivibrio proteoclasticus B316 
Caldicellulosiruptor hydrothermalis 108 
Caldicellulosiruptor owensensis OL 
Clostridium acetobutyli cum ATCC 824 
Clostridium botulinum A sir. ATCC 3502 
Clostridium cel lulolyticum H1 0 
Clostridium difficile 630 
Clostridium kluyveri DSM 555 
Clostridium ijungdahlii DSM 13528 
Clostridium novyi NT 
Clostridium perfringens ATCC 13124 
Clostridium phytofermentans ISDg 
Clostridium saccharolyticum WM1 
Clostridium tetani EBB 
Clostrid ium thermoce llum ATCC 27 405 
Coprothermobacter proteo lyticus DSM 5265 
Desulfitobacterium hafn iense DCB-2 
Group 
Deltaproteobacteria 
De ltaproteobacteria 
Epsilonproteobacteria 
Epsilon prot eo bacteria 
Epsilon prot eo bacteria 
Epsilonproteobacteria 
Epsilon prot e a bacteria 
Epsilon prot eo bacteria 
Epsilonproteobacteria 
Epsilonproteobacteria 
E psi ion prot eo b a cte ria 
Epsilonproteobacteria 
Epsilonproteobacteria 
Epsilonprote obacteria 
Epsilon prot eo bacteria 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicute s 
Firmicutes 
Firmicutes 
Firmicute s 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Desulfotomaculum acetoxidans DSM 771 
Desulfotomaculum reducens Ml-1 
Enterococcus faecalis V583 
Exiguobacterium sibiri cum 255-15 
Geobacillus thermoglucosidasius C56-YS93 
Heliobacterium modesticaldum lce1 
Lactobacillus brevis ATCC 367 
Lactobacillus casei ATCC 334 
Lactobacillus casei BL23 
Lactobacillus delbrueckii subsp. bulgaricus ATCC BAA-365 
Lactobacillus fermentum IFO 3956 
Lactobacillus gasseri ATCC 33323 
Lactobacillus helveticus DPC 4571 
Lactobacillus johnsonii NCC 533 
Lactobacillus plantarum WCFS1 
Lactobacillus reuteri JCM 1112 
Lactobacillus rhamnosus Lc 705 
Lactobacillus sakei subsp. sakei 23K 
Lactococcus lactis subsp. cremoris MG1363 
Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293 
Listeria innocua Clip11262 
Listeria monocytogenes EGD-e 
Listeria welshimeri serovar 6b str. SLCC5334 
Lysinibacillus sphaericus C3-41 
Macrococcus caseolyticus JCSC5402 
Meso plasma florum L 1 
Mycoplasma agalactiae PG2 
Mycoplasma arthritidis 158L3-1 
Mycoplasma capricolum subsp. capricolum ATCC 27343 
Mycoplasma crocodyli MP145 
Mycoplasma genitalium G37 
Mycoplasma hyopneumoniae 232 
Mycoplasma mobile 163K 
Mycoplasma mycoides subsp. capri str. GM12 
Mycoplasma mycoides subsp. mycoides SC str. PG1 
Mycoplasma penetrans HF-2 
Mycoplasma pneumoniae M129 
Mycoplasma pulmonis UAB CTIP 
Mycoplasma synoviae 53 
Natranaerobius thermophilus JW/NM-WN-LF 
Oceanobacillus iheyensis HTE831 
Oenococcus oeni PSU-1 
Pediococcus pentosaceus ATCC 257 45 
Pelotomaculum thermopropionicum Sl 
Staphylococcus aureus subsp. aureus USA300_TCH1516 
Staphylococcus epidermidis ATCC 12228 
Staphylococcus haemolyticus JCSC1435 
Staphylococcus lugdunensis HKU09-01 
Staphylococcus saprophyticus subsp. saprophyticus ATCC 15305 
Streptococcus agalactiae 2603V/R 
Streptococcus dysgalactiae subsp. equisimilis GGS_124 
Streptococcus equi subsp. equi 4047 
Streptococcus gordonii str. Challis substr. CH1 
Group 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Finmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
· Firmicutes 
Firmicutes 
Firmicutes 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Streptococcus mitis 86 
Streptococcus mutans UA159 
Streptococcus pneumoniae ATCC 700669 
Streptococcus pyogenes M1 GAS 
Streptococcus sanguinis SK36 
Streptococcus suis 05lYH33 
Streptococcus thermophil us CNRZ1 066 
Streptococcus thermophilus LMD-9 
Symbiobacterium thermophilum lAM 14863 
Syntrophothermus lipocalidus DSM 12680 
Thermoanaerobacter brockii subsp. finnii Ako-1 
Thermoanaerobacter mathranii subsp. mathran ii sir. A3 
Thermoanaerobacter pseudethanolicus ATCC 33223 
Thermoanaerobacter tengcongensis MB4 
Thermoanaerobacterium thermosaccharo lyticum DSM 571 
Thermosediminibacter oceani DSM 16646 
Ureaplasma parvum serovar 3 sir. ATCC 700970 
Veillon ella parvula DSM 2008 
Fusobacterium nucleatum subsp. nucleatum ATCC 25586 
Leptotrichia buccalis C-1 013-b 
Sebaldella termitidis ATCC 33386 
Streptobacillus moni liformis DSM 12112 
Acidithiobacillus ferrooxidans ATCC 23270 
Acinetobacter baumannii ATCC 17978 
Actinobacillus pleuropneumoniae serovar 3 str. JLD3 
Actinobaci llus succinogenes 130z 
Aero monas hydrophila subsp. hydrophila ATCC 7966 
Aero monas salmonicida subsp. salmonicida A449 
Aggregatibacter aphrophilus NJ8700 
Alcanivorax borkumensis Sk2 
Aliivibrio salmonicida LFI1238 
Allochromatium vinosum DSM 180 
A lteromonas macleodii sir. Deep ecotype 
Azotobacter vinelandii DJ 
Buchnera aphidicola str. SA Acyrthosiphon pisum 
Cellvibrio japonicus Ueda107 
Citrobacter koseri ATCC BAA-895 
Citrobacter rodentium ICC168 
Colwellia psychrerythraea 34h 
Coxiella bumetii RSA 493 
Cronobacter sakazakii ATCC BAA-894 
Edwardsiella ictal uri 93-146 
Edwardsiella tarda El8202 
Enterobacter cloacae subsp. cloacae ATCC 13047 
Ervvinia amylovora ATCC 49946 
Ervvinia tasmaniensis Et1/99 
Escherichia col i 0157: H7 str. Sakai 
Escherichia fergusonii ATCC 35469 
Ferrimonas balearica DSM 9799 
Francisella novicida U112 
Francise lla philomiragia subsp. philomiragia ATCC 25017 
Francisella tularensis subsp. tularensis FSC198 
Haemophilus ducreyi 35000HP 
Group 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Firmicutes 
Fusobacteria 
Fusobacteria 
Fusobacteria 
Fusobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Haemophilus influenzas 86-028NP 
Haemophilus parasuis SH0165 
Haemophilus somnus 129pt 
Hahella chejuensis KCTC 2396 
Halothiobacillus neapolitanus c2 
ldiomarina loihiensis L2tr 
Kangiella koreensis DSM 16069 
Klebsiella oxytoca KCTC 1686 
Klebsiella pneumoniae 342 
Klebsiella pneumoniae subsp. pneumoniae MGH 78578 
Legionella pneumophila str. Corby 
Mannheimia succiniciproducens MBEL55E 
Marinobacter aquaeolei VTB 
Methylococcus capsulatus str. Bath 
Nitrosococcus halophilus Nc4 
Pantoea ananatis LMG 20103 
Pasteurella dagmatis ATCC 43325 
Pasteurella multocida subsp. multocida str. Pm70 
Pectobacterium at rosepticum SCRI1 043 
Pectobacterium wasabiae WPP163 
Photobacterium profundum SS9 
Photorhabdus asymbiotica 
Photorhabdus luminescens subsp. laumondii TT01 
Proteus mirabilis Hl4320 
Providencia stuartii ATCC 25827 
Providencia stuartii MRSN 2154 
Pseudoalteromonas atlantica T6c 
Pseudoalteromonas haloplanktis TAC125 
Pseudomonas aeruginosa PA01 
Pseudomonas fluorescens Pf-5 
Pseudomonas mendocina ymp 
Pseudomonas putida F1 
Pseudomonas stutzeri A 1501 
Pseudomonas syringae pv syringae B728a 
Psychromonas ingrahamii 37 
Saccharophagus degradans 2-40 
Salmonella bongori NCTC 12419 
Salmonella enterica subsp. enterica serovar Enteritidis str. P1251 09 
Salmonella enteric a subsp. enterica serovar Typhimurium str. LT2 
Serratia odorifera DSM 4582 
Serratia proteamaculans 568 
Shewanella baltica OS155 
Shewanella denitrificans OS217 
Shewanella loihica PV-4 
Shewanella oneidensis MR-1 
Shewanella piezotolerans WP3 
Shewanella putrefaciens CN-32 
Shewanella sediminis HAW-EB3 
Shewanella woodyi ATCC 51908 
Shigella boydii CDC 3083-94 
Shigella dysenteriae Sd197 
Shigella flexneri 5 str. 8401 
Shigella sonnei Ss046 
Group 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
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Table 3 (cont.) Bacterial species used in phylogenetic profiling. 
Organism Name 
Sideroxydans lithotrophicus ES-1 
Sodalis glossinidius str. 'morsitans' 
Stenotrophomonas ma~ophilia K279a 
Teredinibacter turnerae T7901 
Thioalkalivibrio sulfidophilus HL-EbGr7 
Thiomicrospira crunogena XCL-2 
Tolumonas auensis DSM 9187 
V ibrio cholerae 01 biovar El Tor str. N16961 
Vibrio fischeri ES114 
Vibrio harveyiATCC BM-1116 
Vibrio parahaemolyticus RIMD 2210633 
Vibrio splendidus LGP32 
Vibrio vulnificus CMCP6 
Xanthomonas axonopodis pv citri str. 306 
Xanthomonas campestris pv campestris str. ATCC 33913 
Xanthomonas oryzae pv oryzae MCC1 0331 
Xenorhabdus bovienii SS-2004 
Xenorhabdus nematophila ATCC 19061 
Xylella fastidiosa 9a5c 
Yersinia enterocolitica subsp. enterocolitica 8081 
Yersinia pestis biovar Microtus str. 91001 
Yersinia pseudotuberculosis IP 31758 
lsosphaera pall ida ATCC 43644 
Pirellula staleyi DSM 6068 
Planctomyces limnophilus DSM 3776 
Rhodopirellula baltica SH 1 
Borrelia afzelii PKo 
Borrelia bissetti i DN127 
Borrel ia burgdorferi 831 
Borrelia duttonii Ly 
Borrelia garinii PSi 
Borrelia hermsii DAH 
Borrelia recurrent is A 1 
Borrelia turicatae 91 E135 
Brachyspira hyodysenteriae WA1 
Brachyspira murdochii DSM 12563 
Leptospira biflexa serovar Patoc strain Patoc 1 Ames 
Leptospira borgpetersenii serovar Hardjo-bovis JB197 
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130 
Spirochaeta smaragdinae DSM 11293 
Treponema azotonutricium ZAS-9 
Treponema denticola ATCC 35405 
Treponema pallidum subsp. pallidum SS14 
Treponema primitia ZAS-2 
Fervidobacterium nodosum Rt17-81 
Kosmotoga olearia TBF 19.5.1 
Petrotoga mobilis SJ95 
Thermotoga lettingae TMO 
Thermotoga maritima MSB8 
Thermotoga naphthophila RKU-10 
Thermotoga neapolitana DSM 4359 
Thermotoga petrophila RKU-1 
Group 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Gammaproteobacteria 
Planctomycetes 
Planctomycetes 
Planctomycetes 
Planctomycetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Spirochaetes 
Thermotogae 
Thermotogae 
Thermotogae 
Thermotogae 
Thermotogae 
Thermotogae 
Thermotogae 
Thermotogae 
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Phylogenetic profiling was performed using the results of protein BLAST. 
Bit scores and e-values for all provisional orthologs were normalized to E. coli 
self-scores and then to within:..species mean values according to the methods in 
Enault eta/. (2003). Briefly, self-scores were obtained from alignment of each E. 
coli protein to itself and used to normalize for protein length, and the mean score 
across all orthologs within a species was used to normalize for phylogenetic 
distance. Where discretization was necessary, an e-value cutoff of 1 o-10 was 
used to determine the presence of homologs (Jim eta/. 2004). The Enault 
distance (Enault eta/. 2003) between two genes i and j was calculated from the 
normalized bit scores using the formula: 
"'M R2 * "'M R2 L..k=1 ik L..k=1 jk 
where M is the number of bacterial species and Rik is the normalized bit score of 
protein i within species k. Mutual information of gene pairs (Date & Marcotte 
2003) was calculated from the discretized e-value matrix of protein homologs. 
These statistics were used to obtain lists of homologous proteins for which 
presence or absence was strongly correlated with that of the tryptophanase 
enzyme TnaA. 
Logit regression was performed using TnaA positive/negative status as a 
categorical variable against bacterial lifestyle information to determine if any 
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lifestyle-associated factors were strongly associated with possession of the 
tryptophanase gene. ANOVA was used to determine significance of individual 
regressions. 
Flux Balance Analysis 
All operations were performed in MATLAB using the COBRA toolbox 
(Becker eta/. 2007). Model reactions were modified to reflect current 
understanding of indole metabolism. In all models, indole production was 
encoded as a single reaction catalyzed by the tryptophanase enzyme TnaA: 
Tryptophan ~ Indole+ Pyruvate+ Ammonia 
As indole is not released as a free intermediate during tryptophan synthesis 
(Crawford & Yanofsky 1958), the individual TrpA and TrpB-catalyzed reactions 
were removed, leaving the TrpBA-catalyzed reaction 
(1 S,2R)-1-C- (indol-3-yl)glycerol-3-phosphate + L-serine 
~ 
L-tryptophan + D-glyceraldehyde-3-phosphate + H20 
The transport of indole between the periplasm and extracellular space was 
made independent of any transport protein, as available data indicates that 
indole can move passively across the outer membrane (Bean eta/. 1968; Pinero-
Fernandez eta/. 2011 ). The transport of indole from the peri plasm to the 
cytoplasm by Mtr was made irreversible. 
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Chapter Ill. Screen of Small Molecules Affecting Cell Signaling (SMACS) 
These experiments were conducted using a set of small molecules 
expected to affect cell signaling and antibiotic tolerance in Escherichia coli K-12 
EMG2 without causing significant growth inhibition. As inhibition of synthesis of 
signaling molecules may in some cases have a direct deleterious effect on 
metabolism, these experiments focused on agonists and antagonists of signal 
uptake and response. The molecules described represent a diverse set of 
chemical and functional classes. These molecules have been collectively 
described as "small molecules affecting ceil signaling" (SMACS). Each SMACS 
(bold text) is described briefly in this section; concentrations given reflect a 
known effective dose vs. the process indicated. 
E. coli produces the tryptophan-derived signal molecule indole (500 uM, 
Fisher) (Domka eta/. 2006; Hirakawa eta/. 2009; Kanamaru eta/. 2000; Lee et 
a/. 2007b). No agonists or antagonists of indole signaling are known for E. coli, 
though chemical inhibitors of indole production have been identified (Scherzer et 
a/. 2009). 
The signal molecule Al-2 (3.9-39 uM, Omm Scientific) can be synthesized 
in a biologically active form and is available commercially (De Keersmaecker et 
a/. 2005; Lonn-Stensrud eta/. 2007). Interference with Al-2 signaling was 
performed using cinnamaldehyde and natural brominated furanone. 
Cinnamaldehyde (150 uM, Fisher) was found to interfere with Al-2 quorum 
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sensing in V. harveyi by decreasing DNA-binding ability of the response regulator 
LuxR (Brackman eta/. 2008; Niu eta/. 2006). Cinnamaldehyde has been shown 
to affect swimming motility and reduce biofilm formation in E. coli (Niu & Gilbert 
2004) and to decrease biofilm formation and pathogenicity in Vibrio spp 
(Brackman eta/. 2011 ). Natural brominated furanone (SZ)-4-bromo-5-
(bromomethylene)-3-butyl-2 (5H)-furanone (50 ug/ml, obtained from Prof. 
Tom Wood , Texas A&M) isolated from marine algae Delisea pu/chra has been 
found to interfere with Al-2 - based quorum sensing via covalent inactivation of 
LuxS in E. coli (Ren 2001; Ren eta/. 2004; Zang eta/. 2009). 
Autoinducer-3 (AI-3) has been observed to induce genetic and 
morphological changes similar to those induced by catecholamines in E. coli, and 
the two-component system QseBC responds to Al-3, norepinephrine, and 
epinephrine (Kendall eta/. 2007) (50 uM, Fisher). 
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In initial tests, exponential phase cultures were incubated with SMACS for 
one hour prior to antibiotic treatment. Three different antibiotics were used, 
representing the 13-lactam (ampicillin), aminoglycoside (kanamycin), and 
quinolone (ofloxacin) classes, to demonstrate multi-drug tolerance; each 
antibiotic has a distinct target, indicating that tolerance is not induced by 
modification 
or down-
regulation of 
a single 
target. 
Results are 
shown in 
Figure 3. 
These 
results 
indicated that 
epinephrine 
3 r--------------------------------------------. 
2 
-1 Ampicillin 
• Kanamycin 
• Otloxacin 
-2 L-~~--~~~--~~~--~~~--~~~--~~~ 50 iJM 500 iJM 3.9 iJM 39 !JM 50 1 IJM 
Epi Indole Al-2 Al-2 BrFr Cinn 
Figure 3. Effects of 1-hour incubation with SMACS on survival after 
antibiotic treatment. All experiments were performed using exponential 
phase cultures of wild-type E. coli grown in M9CG. Data show fold change 
survival (log scale) of cultures incubated with SMACS as compared to 
cultures without SMACS. Error bars represent mean ± SD of at least 3 
bioloqical replicates. 
treatment reduced survival in E. coli under these conditions and that treatment 
with indole or cinnamaldehyde increased survival. Most SMACS were largely 
consistent in their effect over three classes of antibiotic, but the effects of 
brominated furanone varied between antibiotics; the cause of the discrepancy is 
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unknown. As expected, wild-type E. coli showed different levels of persistence to 
different antibiotics (Keren eta/. 2004a). 
Next, cultures were inoculated with SMACS during the exponential phase 
of growth and permitted to grow overnight before treatment with ofloxacin. 
Results are shown in Figure 4. These results indicated that the protective effects 
of indole could be observed many hours after treatment and that indole had a 
more potent effect on tolerance under these conditions than any other SMACS 
tested. 
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50 ~M 500 ~M 3.9 ~M 39 ~M 50 ~g/ml 150 ~M 
Epi Indole Al -2 Al-2 BrFr Ginn 
Figure 4. Effects of overnight (20-hour) incubation with SMACS on 
survival after ofloxacin treatment. Cultures of wild-type E. coli were grown 
to exponential phase in M9CG before addition of SMACS and incubated 
overnight before treatment with ofloxacin. Data show fold change survival 
(log scale) of cultures incubated with SMACS as compared to cultures 
without SMACS. Error bars represent mean± SO of at least 3 biological 
replicates. 
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Chapter IV. Bacterial signaling and antibiotic tolerance 
IV.A. Indole-induced persister formation in E. coli 
Based on the experiments in Chapter Ill and on data implicating 
tryptophanase activity in community-level behavior in E. coli (Lee eta/. 201 0), the 
natural signaling molecule indole was investigated as a potential regulator of 
bacterial tolerance. 
A series of experiments 
was performed to elucidate the 
effects of indole signaling on 
persister formation in E. coli. The 
results of the SMACS screen 
(Chapter III.A.) indicated that 
incubation with indole increased 
persister levels to each of the 
three antibiotics tested by at 
least an order of magnitude 
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Figure 5. Indole increases multi-drug tolerance 
in exponential phase. Percent survival of 
exponential-phase wild-type E. coli pre-incubated 
for 1 hour with and without 500 IJM indole and 
treated for 3 hours with 5 IJg/mL ofioxacin, 100 
IJg/mL ampicillin , or 10 IJg/mL kanamycin . Error 
bars represent mean± SD of at least 3 biological 
replicates. 
(Figures 3 and 5). These data indicated that the protective effects of indole are 
not specific to a single antibiotic mode of action and suggesting that indole 
induces the transition to a persistent state. 
Indole was produced as a stationary phase signal in this system. We 
observed very low levels of indole production in tryptophan-free minimal media 
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(M9CG, Figure 6) but observed high levels of indole production in rich media 
(LB, Figure 7). Extracellular indole levels were higher in stationary phase than in 
exponential phase in both media conditions. As this molecule is a stationary 
phase signal in E. coli, further experiments were performed using stationary 
phase cultures. 
Interestingly, wild-type persister levels were approximately five-fold higher 
in LB than in M9CG (Figure 8, Table 4) , and incubation with indole increased 
wild-type persister formation in M9CG but did not further increase persister levels 
in LB (Figure 8, Table 4). These findings suggest that the increased persister 
levels observed in wild-type cultures grown in LB compared with those grown in 
M9CG may be, in part, accounted for by indole signaling. Further, these results 
indicate that indole-induced persister formation may be saturated in LB. To 
determine whether the indole response could be saturated , wild-type E. coli was 
incubated with varying concentrations of indole in M9CG (1 0-500 J..IM, Figure 9) . 
These results showed that indole-induced persister formation in E. coli reaches a 
plateau at physiological concentrations of indole (250-500 J..IM) . These results 
suggest that physiological concentrations of indole, which are well below the 
cytotoxic level , serve as an "inoculant" to induce persister formation . 
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Figure 6. Extracellular indole in cell-free 
stationary phase supernatant of E. coli K-
12 EMG2 grown in minimal media. 
Concentration of extracellular indole was 
determined by HPLC for stationary phase 
cultures of wild-type E. coli (grey bars) and 
indole import-deficient mutant l:l.mtr (green 
bars) grown in tryptophan-free medium 
(M9CG). No indole was detected in cultures 
of l:l.tnaA E. coli. Error bars represent mean 
± SO of 3 biological replicates. 
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F1gure 7. Extracellular indole in cell-free 
supernatant of E. coli grown in rich 
media. Concentration of extracellular indole 
was determined by HPLC for exponential 
phase and stationary phase cultures of wild-
type E. coli (grey bars) and indole import-
deficient mutant l:l.mtr (green bars) grown in 
rich medium (LB) . No indole was detected in 
cultures of l:l.tnaA E. coli. Error bars 
represent mean± SO of three biological 
replicates. 
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F~gure 8. Indole induces persistenc~. in E. coli. Percentage survival of stationary-phase 
Wild-type.(WT) .. MnaA and t1mtr E. co/tin (a) M9CG and in (b) rich medium (LB) , preincubated 
With or .with~ut mdol.e and treated with ofloxacin. Error bars represent mean ± s.d. of at least 
three biological replicates. 
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IV.A.1. Indole-induced persistence in wild-type and in a strain lacking the 
ability to produce indole (.LHnaA) 
To further explore the role of indole in persister formation, indole-induced 
persistence was tested in a genetic knockout strain (1:1tnaA) unable to catabolize 
tryptophan to indole. Stationary phase conditions were used to maximize 
persister levels and indole 
concentration in the growth 
medium. As expected, no 
significant difference was found 
between survival of the wild-
type and 1:1tnaA strains in 
tryptophan-free M9CG medium 
(Figure 8A, Table 4), since 
wild-type E. coli produce very 
little indole when grown in this 
medium (Figure 6). By contrast, 
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Figure 9. Indole-induced persistence is dose-
dependent and saturates at high concentrations 
of indole. Black line indicates percent survival of 
stationary phase cultures of E. coli after incubation 
for 1 hour with indole. Grey bars indicate percent 
survival of the same cultures after subsequent 
treatment with ofloxacin , relative to survival after 
incubation with indole. 
in rich Luria-Bertani (LB) medium, high levels of extracellular indole were present 
in wild-type but not 1:1tnaA cultures (Figure 7), and the 1:1tnaA mutation decreased 
persister formation by nearly an order of magnitude (Figure 88, Table 4). In the 
ntnaA strain, incubation with indole increased persister formation by an order of 
magnitude in both M9CG and LB (Figure 8, Table 4), and complementation with 
a plasmid bearing the wild-type tnaA gene reversed the low-persistence 
phenotype observed in 
rich medium (Figure 10). 
These results indicated 
that the effect of the lltnaA 
mutation on persister 
levels was a result of the 
lack of indole in lltnaA 
cultures. 
Consistent with 
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WT AtnaA Amtr 
LB, 0 1.00 (0.06) 0.12 (0.04) 4.45 (0.82) 
LB,SOO 1.12(0.20) 2.09 (1 .33) 5.11 (2 .68) 
M9CG, 0 0.21 (0.06) 0.22 (0 .12) 2.06 (1 .33) 
M9CG, 500 2.42 (0.87) 2.63 (1 .07) 5.20 (3 .03) 
Table 4. Survival of indole-treated and untreated 
stationary phase cultures in M9CG and LB. Row 
headers indicate the media type and amount of indole 
added to the culture (0 or 500 ~M). These data correspond 
to Figure 8 and are presented as mean (SO). 
earlier work (Lee eta/. 2008) , it was found that the lltnaA mutant showed a 
greater deficit in persister formation relative to wild-type at low temperature 
(Figure 11 ). The lltnaA mutation did not completely eliminate persister formation, 
suggesting that mechanisms in addition to indole signaling are also involved in 
persister formation. Interestingly, the increased persistence in LB relative to 
M9CG was abolished in the lltnaA strain , suggesting that indole signaling in LB 
may account for the observed difference (Figure 8) . 
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Figure 10. Complementation of knockout mutants with rescue plasmids. Cultures of 
wild-type, MnaA , and l!.mtr E. coli bearing no plasmid (white bars) , the kanamycin-resistant 
plasmid pZA21-GFP (pGFP, light grey bars), or a plasmid carrying an inducible copy of the 
missing gene (p(Rescue) ; pZA21-tnaA or pZA21-mtr, dark grey bars) were grown to stationary 
phase (24 hours) in (a,c) M9CG or (b,d) LB media containing 35 f,Jg/ml kanamycin for 
selection and 25 ng/ml anhydrotetracycline for induction of plasmid-borne genes. Cultures 
were incubated with 0 (a-b) or 500 f.JM (c-d) indole for one hour before treatment with 
ofloxacin. Error bars represent mean ± SD of at least three biological replicates. 
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IV.A.2. Indole-induced persistence in a strain lacking the ability to actively 
import indole (ll.mtr) 
Having demonstrated that indole signaling induces persister formation, it 
was desirable to determine whether indole uptake by Mtr plays a role in this 
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Figure 11. Indole-induced tolerance is 
affected by temperature. Cultures of wild-
type and M naA E. coli were grown to 
stationary phase in LB at 30°C (12 hours) or 
3rC (24 hours) before treatment with 
ofloxacin. Survival was determined after 4-6 
hours (3rC) or 20-24 hours (30°C) ofloxacin 
treatment to allow full killing of susceptible 
cells; ranges represent day-to-day variation , 
and indole-treated and untreated within-strain 
pairs were performed on the same day. Error 
bars represent mean ± SD of at least three 
biological replicates. 
process. As recent work (Pinero-
Fernandez eta/. 2011) has called the 
function of Mtr (Yanofsky eta/. 1991) 
into question, the role of Mtr in indole 
import was verified using HPLC and 
auxotrophy experiments. HPLC 
measurements demonstrated that the 
extracellular indole concentration is 
significantly higher in a l1mtrstrain 
than in wild-type (Figure 6) , 
suggesting that wild-type cells import 
indole more efficiently than cells 
lacking mtr. Additionally, growth in 
minimal media was examined in a L1trpA mutant, which is auxotrophic for 
tryptophan but can synthesize this amino acid from indole (Jackson & Yanofsky 
1972, 1973), and in the L1trpAL1mtr mutant. Cultures were grown in minimal 
media (M9 + 0.2% glucose) with and without addition of 50 IJM indole. These 
data showed that L1trpAL1mtr cells respond more slowly to indole than L1trpA cells 
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(Figure 12A), suggesting that Mtr is important for import of indole to the 
cytoplasm. It has been suggested that growth inhibition of the llmtr mutant by 
indole could account for this observation (Pinero-Fernandez eta/. 2011 ); 
however, in this system, the growth of llmtr cultures was not affected by 
physiological levels of indole (Figure 128). Cultures of the lltrpAllmtr strain 
eventually reached the same density as cultures of the lltrpA strain, likely as a 
result of passive indole import to the cytoplasm or activity of lower-affinity 
transporters in the absence of Mtr. Mtr-independent indole-responsive growth 
was observed beginning after three hours' incubation with indole, consistent with 
the recent report by Pinero-Fernandez eta/., which showed Mtr-independent 
indole import after four hours of incubation (Pinero-Fernandez eta/. 2011 ). A 
previous report indicated that the mtr mutant was entirely unable to utilize indole 
for growth (Yanofsky eta/. 1991); however, the previous study used a 
background strain lacking the entire trp operon, where conversion of indole to 
tryptophan by the highly inefficient TnaA reverse reaction (Watanabe & Snell 
1972) was required for growth. It is plausible that the more efficient conversion of 
indole to tryptophan by TrpB2 can support growth at lower concentrations of 
intracellular indole. These results, together with previous studies, suggest that 
Mtr actively transports indole to the cytoplasm and that in the absence of Mtr, 
indole can still be imported by less-efficient means. 
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Persister levels were therefore assayed in stationary phase cultures of a 
mutant strain (!1mtr) with impaired indole import (Yanofsky eta/. 1991 ). In M9CG 
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Figure 12. Mtr is required for high-
efficiency transport of indole. All 
experiments were performed in M9 + 0.2% 
glucose at 37"C. (a) Cultures of MrpA and 
MrpAI:lmtr E. coli were inoculated 1:500 in M9 
+ glucose and incubated for two hours before 
addition of 0 or 50 IJM indole. Error bars 
represent mean± SO of at least three 
biological replicates. (b) Cultures of l:lmtr E. 
coli were inoculated 1 :500 in M9 + glucose and 
incubated for two hours before addition of 0, 
50, or 500 IJM indole. Error bars represent 
mean ± SO of at least three biological 
replicates. 
and in LB, the f:::.mtr strain 
demonstrated approximately an order 
of magnitude greater survival than 
wild-type, even without the addition 
of indole, and addition of indole did 
not further induce persistence 
(Figure 8). Overnight incubation of 
wild-type cultures with 15 1-1M indole, 
to mimic indole concentrations in 
!1mtr cultures, increased wild-type 
persistence to the levels observed in 
!1mtr (Figure 13) , suggesting that 
the difference in persistence between 
the wild-type and f:::.mtr strains in 
M9CG could be accounted for by the 
observed difference in extracellular 
indole levels. Heterologous 
expression of mtr in the knockout 
strain restored wild-type persister levels (Figure 1 0), and eliminating indole 
production in the f:::.mtr mutant abolished the high-persistence phenotype in this 
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Figure 13. Long-term incubation with 
indole increases persistence in E. coli. 
Cultures of wild-type, MnaA , and t:J.mtr E. 
coli were grown for 4 hours in M9CG before 
incubation with (light purple bars) or without 
(grey bars) 15 !JM indole. Cultures were 
incubated with indole for 20 hours before 
treatment with ofloxacin . Error bars 
represent mean± SD of at least three 
biological replicates. 
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Figure 14. Elimination of indole 
production in a llmtr mutant abolishes 
the high-persistence phenotype. 
Cultures of wild-type, l:::.mtr, l::J.tnaA , and 
l:::.tnaA!:::.mtr E. coli were grown to stationary 
phase in M9CG or LB before treatment with 
ofloxacin. Error bars represent mean ± SD 
of at least six biological replicates. 
strain (Figure 14). These results suggest that indole-induced persistence is, in 
part, a response to indole levels in the periplasm or extracellular space. 
It was hypothesized that extracellular indole levels were responsible for 
the high persistence observed in l:l.mtr, and that elimination of indole production 
in the l:l.mtr strain should therefore eliminate its high-persistence phenotype. To 
test this hypothesis, persister levels were measured in a l:l.tnaAI:l.mtr strain that 
was unable to produce indole. Untreated cultures of the l:l.tnaAI:l.mtr strain and 
l:l.tnaA strain had similar persister levels (Figure 14), indicating that the l:l.mtr 
strain is not a high-persistence mutant in the absence of indole, and suggesting 
that the increased persistence of the l:l.mtr strain is a function of indole signaling. 
As indole-induced persistence did not require high-efficiency active transport into 
the cytoplasm by Mtr or native indole production by TnaA, it was surmised that 
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the mechanism responsible for the observed increase in persister formation did 
not involve an increase in cytoplasmic indole. 
It was desirable to verify that these experiments measured persister levels 
and not resistance. This was done by extending the duration of antibiotic 
treatment and increasing the concentration of antibiotic (Figure 15), neither of 
which affected survival. Further, it was determined thatthe indole-induced 
survival phenotype was reversible (Figure 16) Additionally, it was confirmed that 
the ofloxacin MICs for wild-type, 11tnaA, 11mtr, and 11tnaAI1mtr strains were 
identical ( -0.1 IJg/mL), indicating that none of the genetic perturbations used 
affected intrinsic antibiotic resistance. 
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Figure 15. Indole-induced tolerance does not depend on duration or intensity of 
antibiotic treatment. Stationary phase cultures of wild-type E. coli grown in M9CG were pre-
incubated for 1 hour with (purple bars, dashed line) and without (grey bars, solid line) 500 1-1M 
indole prior to treatment with ofloxacin. (a) Survival was determined after 3 or 8 hours 
treatment with 5 IJg/mL ofloxacin . Error bars represent mean ± SD of six biological replicates. 
(b) Survival was determined after 8 hours treatment with 1, 5, or 10 IJg/mL ofloxacin . Error 
bars represent mean ± SD of three to six biological replicates. 
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IV.A.3. Single-cell observations with an indole-responsive reporter plasmid 
This set of experiments sought to determine if the cells with the strongest 
indole response were persistent to antibiotic treatment. Using fluorescently 
activated cell sorting (FAGS), indole response was confirmed in the fluorescent 
reporter plasmid PtnaC (Figure 17A-C). The ~mtrstrain had higher induction 
than wild-type, suggesting that increasing extracellular indole increases indole 
response. Wild-type E. coli PtnaC was sorted to obtain sub-populations exhibiting 
"low" (bottom 10%) and "high" (top 10%) fluorescence, and it was found that the 
sub-population with "high" fluorescing cells was more persistent to ofloxacin than 
the "low" fluorescing sub-
population (Figure 170). 
Similar results were 
obtained with ~tnaA 
PtnaC + 500 1JM indole 
(Figure 17E). 
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Figure 16. Indole-induced tolerance is reversible in the 
absence of signal. Stationary phase cultures of E. coli grown 
in M9CG were incubated with (dashed line) and without (solid 
line) 500 iJM indole for one hour, centrifuged , and 
resuspended in fresh conditioned media with no additional 
indole. Cultures were then allowed to incubate for the 
indicated period of time (0-120 minutes) before treatment with 
5 IJg/mL ofloxacin. Results are presented as % survival. Error 
bars represent mean ± SD of three biological replicates. 
a 
...... 
1: 
::;) 
0 
0 
Q) 
u 
b 
...... 
c 
:::! 
0 
u 
(i3 
0 
c 
-c 
::;) 
0 
0 
Q) 
0 
68 
400 
wr 
300 
200 
100 
0 
101 1o2 103 104 
Fluorescence 
250 
MnaA 
200 
150 
100 
50 
~01 104 
250 
D.mtr 
200 
15 
100 
? : .:~ ~, 
:;'·' ·~' ; ' \ 1 1 .1t 
'I ~~ 
' I 
,:1 '': 
50 
d 100~------------------~~ 
-High 
··«> ·· Low 
0.1 
0 
e 100 
'• 
10 
(ij 
.2: 
2: 
:::! 
(/) 
~ 0 
0 .1 
0.01 
0 
f 100 
wr 
30 
Minutes 
t::..tnaA 
+ 500 }.JM Indole 
' • 
60 
-+-High 
-- a -. Low 
·-.t·---- -- .. ................ 11 
30 eo 
Minutes 
WfpZA12G -High 
·-<>·- Low 
'; ': ... :.\~~ .................. ...... . 
ou.;........_ ............. ......,.~ . !:.....- ---:···-f-·. '·.;....·· .-'-'vi.,J,' • 
4 
0 .1 L----------------L...I 
1 01 1 oz 1 o3 1 o o 3o eo 
Fluorescence Minutes 
Figure 17. Indole signaling induces transcription from the native tnaC promoter and 
correlates with increased tolerance on the single-cell level. (a) Wild-type, (b) MnaA, 
and (c) t:,mtr E. coli bearing the pUA66-ptnaC-gfpmut2 (PtnaC) fluorescent reporter plasmid 
were grown to exponential phase in selective media (M9CG + 60 f.Jg/ml kanamycin) and 
incubated for 1 hour with (black line) and without (grey line) 500 f.JM indole before 
fluorescence quantification via flow cytometry . (d) Untreated wild-type and (e) indole-treated 
MnaA exponential phase E. coli containing PtnaC were sorted into sub-populations based 
on relative fluorescence (high, top 10% of population, solid line; low, bottom 10%, dashed 
line) and resuspended in 1 ml 1X PBS; survival was determined after 0, 30, and 60 minutes 
treatment with 1 f.Jg/ml ofloxacin. Wild-type E. coli bearing the lac reporter plasmid pZA 12G 
(f) , which does not respond to indole, was used as a control. 
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It was desirable to directly observe the generation of indole-induced 
persisters using a microfluidic chemostat (Figure 18). Low levels of fluorescence 
were observed during growth of wild-type cells in indole-free media (Figure 18A, 
1) . During one hour of incubation with 500 ~M indole, a heterogeneous increase 
in fluorescence was evident (Figure 18A, II) . Treatment with high concentrations 
of ampicillin caused massive lysis (Figure 18A, 111-V). Lysis reached a plateau 
after one hour of ampicillin treatment (Figure 188), leaving a small number of 
viable cells (Figure 18A, V). (Consistent with previous results (Balaban eta/. 
2004) , persister frequency differed between microfluidic and batch cultures.) 
Cells that survived antibiotic treatment were found to have higher indole-
responsive fluorescence than cells that did not survive (Figure 18C), suggesting 
that cells that sensed indole to a greater degree were more likely to become 
persisters. These results demonstrate that indole response within a population is 
heterogeneous and, further, that indole signaling plays an important role in the 
formation of individual persister cells. 
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Figure 18. Direct observation of indole-induced persistence. (a) Representative time-
lapse of optical (differential interference contrast, DIC) and fluorescence (green fluorescent 
protein) images of wild-type E. coli PtnaC grown in the microfluidic chamber in selective 
medium (M9CG plus kanamycin) for 2 h (1) , then treated with 500 11M indole (1 h, II) before 
lysis with ampicillin (30 min, Ill ; 1 h, IV; 1 h ampicillin lysis plus 42 min in selective media, V) . 
Time (in h:min) depicted within each image corresponds to total time elapsed since the 
beginning of the experiment. Raw fluorescent images were identically exposed and contrast-
scaled. Scale bar is 5 11m. (b) Representative kill curve for microfluidic-based ampicillin 
treatment. Time 0 represents addition of antibiotic. Data were obtained from a single 
experiment in the microfluidic chemostat. (c) Histograms of normalized PtnaC activity (see 
Chapter II, Materials and Methods), for lysed versus surviving cells in microfluidics 
experiments. Data were obtained from three biological replicates. a.u., arbitrary units. All 
experiments were performed at 37 °C. 
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IV.A.4. Transcriptional response to indole using microarray analysis and 
qPCR 
The biological effects of indole signaling were investigated by examining 
the genome-wide transcriptional response to indole. RNA from wild-type cultures 
(exponential and stationary phase) incubated with and without indole was 
harvested for microarrays as described in Chapter II (Materials & Methods). 
Microarray analysis indicated that incubation with indole significantly (p::::; 0.05) 
increased expression of genes in oxidative stress (OxyR) and phage shock (Psp) 
pathways in st.ationary phase (Figure 19) and exponential phase cultures 
(Figure 20). The entire known phage shock regulon, consisting of the 
pspABCDE and pspG operons, was up-regulated in indole-treated cultures 
(Figures 19 & 20). The E. coli phage shock response is induced by stationary 
phase conditions and a variety of other stresses, and is important for long-term 
survival under alkaline stress and nutrient limitation (Brissette eta/. 1991; Shah 
eta!. 2006; Weiner & Model 1994). Within the OxyR regulon , multiple genes 
were up-regulated in both stationary and exponential phase indole-treated 
cultures (Figures 19 & 20) . OxyR responds to oxidative stress, and its activation 
has been observed to protect cellular components from oxidative damage and 
increase survival during stasis (Dukan & Nystrom 1998; Storz eta/. 1990). 
qPCR was used to validate microarray results for indole-induced 
expression of genes in the OxyR and phage shock regulons in wild-type E. coli 
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(Figure 21A). Additionally, qPCR was used to verify that indole induces 
expression of genes in the OxyR and phage shock regulons in a lltnaAllmtr 
strain (Figure 21 B). These results indicate that the OxyR and phage shock 
responses are induced by indole even in strains impaired in production and 
active import of indole. 
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a 
Gene Z-score Ratio Description 
pspA 7.92 16.96 Regulatory protein for phage-shock operon 
pspa 6.90 9.41 Phage-shock protein B 
pspC 5.67 12.27 Phage-shock protein C 
pspD 3.98 5.74 Peripheral inner-membrane phage-shock protein 
tnaB 3.15 4.32 Tryptophan ArAAP transporter 
pspG 2.97 3 .70 Inner-membrane phage-shock protein G 
yzgL 2.85 1.65 Predicted protein 
yaaU 2.79 1.93 Predicted MFS transporter 
pspE 2.77 8.14 Phage- shock thiosulfate sulfurtrant;ferase 
oxyS 2.45 10.89 oxys small regulatory RNA 
ydcO 2.27 1.63 Predicted benzoate transporter 
yfdQ -2.22 0.64 CPS-53 (KpLE1) prophage; predicted protein 
yfcN -2.23 0.76 Conserved protein 
b c 
sufA 
ahpF 
1 
0.5 
Figure 19. Microarray results show up-regulation of phage shock and OxyR regulons 
following indole treatment in stationary phase E. coli cultures. (a) Z-score ranking of 
significantly up- and down-regulated genes in indole-treated cultures (lzl ;::: 2, p::; 0.05) . 
Significance was determined by calculating z-scores for gene expression after indole 
treatment as compared to an untreated baseline; variance was estimated from microarray 
compendium data (see Chapter II , Materials and Methods). Fold-change expression of 
genes in the (b) phage shock regulon and (c) OxyR regulon after indole treatment. Up-
regulated genes are shown with red dashed outlines, down-regulated genes are shown with 
blue solid outlines, and genes for which expression was unchanged are shown with thin grey 
outlines. 
a 
Gene Z-score Ratio 
oxyS 4.94 14.87 
pspA 3.05 6 .61 
asnA 3.0::2. 2.51 
pspG 2.94 3.71 
katG 2.90 3.45 
grxA 2.72 2 .34 
r-----
hemH 2.29 1.77 
trxC 2.08 2 .44 
aroH -2.36 0.42 
trpB -3.21 0.09 
trpA - 3.43 0.12 
mtr -4.54 0.10 
trpC - 4 .70 0.06 
trpD - 4.74 0 06 
trpL -4.81 0.02 
trp t; - 5.77 0.05 
b 
~F 
pspE · 7J \ 
pspo/ ' ' ' pspC ~spB'J p&pA'J 
' " " 
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Description 
OxyS small regulatory RNA 
Regulatory protein for phage shock operon 
A!!paragine !!ynthetase A 
Inner-membrane phage-shock protein <3 
Hydroperoxidase 1 
Glutaredoxin 1 
Ferrochelatase 
Thioredoxin 2 
2-dehydro-3-deoxyphosphoheptonate aldolase 
Tryptophan synthase, beta subunit 
Tryptophan synthase, alpha subunit 
Trp/indole ArAAP transporter 
- -
lndole- 3- glycerol phosphate synthase 
-
Anthranilate synthase component II 
trp operon leader peptide 
Anthranilate synthase component 1 
c 
1 
0.5 
Figure 20. Microarray results show up-regulation of phage shock and OxyR regulons 
following indole treatment in exponential phase E. coli cultures. (a) Z-score ranking of 
significantly up- and down-regulated genes in indole-treated cultures (lzl ;::: 2, p:::; 0.05). 
Significance was determined by calculating z-scores for gene expression after indole 
treatment as compared to an untreated baseline; variance was estimated from microarray 
compendium data (see Supplementary Methods). Fold-change expression of genes in the 
(b) phage shock regulon and (c) OxyR regulon after indole treatment. Up-regulated genes 
are shown with red dashed outlines, down-regulated genes are shown with blue solid 
outl ines, and genes for which expression was unchanged are shown with thin grey outlines. 
75 
IV.A.S. Mechanism of indole-induced persistence in E. coli 
As both the oxidative 
stress and phage shock 
pathways are known to play a 
protective role during bacterial 
stasis (Dukan & Nystrom 1999; 
Weiner & Model 1994), genetic 
knockouts were next used to 
determine whether these 
pathways are involved in 
indole-induced persistence. 
The l1fful1oxyR and !1pspBC 
mutants were constructed to 
allow inactivation of the OxyR 
and phage shock responses, 
respectively (see Chapter II). 
Indole-induced persistence 
was substantially reduced in 
both the l1fful1oxyR and 
!1pspBC mutant strains relative 
a 20 
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~~ fii Ill 
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c: 
;.:;;:.. 
b 20.------------
Wild-type, MnaA!imtr, 
H202 Indole 
Figure 21. qPCR validation of microarray resu lts 
for selected indole targets in E. coli. All 
experiments were carried out in 1 ml E. coli cultures 
in M9CG. (a) Fold-change expression values were 
obtained for selected genes in the phage shock and 
OxyR regulons in wild-type cultures (500 IJM indole vs. 
untreated control) . Error bars for qPCR data represent 
mean± SD for four (exponential phase) or five 
(stationary phase) biological replicates. (b) Fold-
change expression values were obtained for selected 
genes in the phage shock and OxyR regulons in wild-
type (300 1-JM hydrogen peroxide vs. untreated 
control) and l:ltnaAI1mtr (500 1-JM indole vs. untreated 
control) stationary phase cultures. Error bars 
represent mean ± SD for three biological replicates. 
to the parent strains (Figure 22). Further, simultaneous inactivation of both 
pathways (t::,.f/ul1pspBC!1oxyR) completely abolished indole-induced persistence 
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(Figure 22). These results suggest that both the OxyR and phage shock 
responses are involved in indole-induced persistence. 
Several of the genes found to be significantly induced by indole treatment 
in stationary phase cultures lack functional annotation (Figure 19). The biological 
functions and regulatory properties of these genes are not known. To determine 
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llpspBC 
LJ.oxyR 
Figure 22. The phage shock and OxyR 
regulons are involved in indole-induced 
persistence. Cultures of wild-type, Mlu, 
b..pspBC, b..f/ub..oxyR, and Mlub..pspBCb..oxyR 
E. coli were grown to stationary phase in 
M9CG, then incubated for 1 hour with and 
without 500 iJM indole prior to treatment with 
ofloxacin. Error bars represent mean ± SD of 
at least three biological replicates. 
whether these un-annotated genes 
represent a biological function or 
functions important for indole-
induced persistence, genetic 
knockout strains were created. 
Stationary phase cultures of these 
knockout strains were tested for 
indole-induced persister formation as 
previously described. None of these 
genes were found to be required for 
indole-induced persistence (Figure 
23). However, the ydcO knockout shows lower persister levels than wild-type; 
this gene has been shown to increase resistance to the toxin bromoacetate when 
over-expressed in E. coli (Desai & Miller 201 0) . 
As non-toxic levels of indole 
induce persister formation, we sought 
to determine whether a known 
antimicrobial agent and OxyR 
inducer (hydrogen peroxide, H202) 
(Storz eta/. 1990) could also induce 
persistence. Treatment with 
moderate levels of this agent has 
been shown to increase tolerance as 
part of the bacterial adaptive 
response (Crawford & Davies 1994). 
It was found that pre-incubation of 
stationary phase cultures with 300-
600 1-1M H202 increased persister 
levels by an order of magnitude 
(Figure 24). qPCR was used to verify 
that treatment with H202 (300 IJM) 
induced the OxyR regulon, and this 
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Figure 23. Un-annotated indole-responsive 
genes are not necessary for indole-induced 
persistence in E. coli. Single-gene knockout 
E. coli strains were created for un-annotated 
genes identified as being significantly up-
regulated by indole treatment in stationary 
phase. 24-hour stationary phase cultures of 
wild-type and single-gene knockout E. coli 
grown in M9CG were pre-incubated for 1 hour 
with and without 500 !JM indole prior to 
treatment with ofloxacin . Results are 
presented as (a) percent survival and (b) fold 
change survival of indole-treated vs. untreated 
cultures. Error bars represent mean ± SO of at 
least three biological replicates. 
treatment was also found to induce the phage shock response (Figure 21 8). 
Interestingly, bactericidal concentrations of H202 (3 mM) did not have a 
protective effect (Figure 24). These results indicate that activation of the OxyR 
and phage shock responses in the absence of cytotoxic stress may be sufficient 
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Figure 24. Pretreatment of stationary-phase 
cultures of wild-type E. coli with H202 leads 
to increased survival after subsequent 
ofloxacin treatment. Black line indicates 
percentage survival of cultures after incubation 
for 1 h with H20 2. Grey bars indicate 
percentage survival of the same cultures after 
subsequent ofloxacin treatment, relative to 
survival after incubation with HzOz. 
to induce persister formation, 
suggesting that activation of these 
responses by non-lethal stimuli 
"inoculates" a population against 
future stress. 
Hypergeometric test-based 
GO enrichment analyses were 
performed on sets of genes where 
expression was changed by at least 
a factor of 1.8 following indole 
treatment. GO categories showing 
significant enrichment (p :5 0.05) were considered , and for each significantly 
enriched GO category, the corresponding genes within the indole-responsive 
gene sets (at least 1.8-fold change expression) were listed. GO analysis of 
stationary phase data (Table 5) and exponential phase data (Table 6) indicated 
that indole treatment induced stress response pathways and decreased 
expression of genes involved in anabolic metabolism. 
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Table 5. Hypergeometric test results for GO category enrichment of genes for which 
expression was changed at least 1.8-fold by indole treatment in stationary phase cultures 
of E. coli. 
GOBPID P value Term Genes 
rpsT, rpmF, rpmG, pheM, rpiQ, rpsM, 
rpsK, rpsO, rpsE, rpiE, rpsN, rpsH, rpiF, 
rpiR, rpiP, rpmC, rpsQ, rpiN, rpiX, rpsS, 
rpiV, rpsC, rpsJ, rpiC, rpiO, rpiW, rpl8, 
G0:0006412 9.97E-25 translation rpiM, rpsL, rpsG, rpsF, rpiU 
dnaK, rpsT, rpmF, rpmG, pheM, rpiQ, 
rpsM, rpsK, rpsO, rpsE, rpiE, rpsN, 
rpsH, rpiF, rpiR, rpiP, rpmC, rpsQ, rpiN, 
rpiX, rpsS, rpiV, rpsC, rpsJ, rpiC, rpiO, 
protein metabolic rpiW, rpl8, rpiM, rpsL, rpsG, malE, 
80:0019538 2.83E-14 process groS, rpsF, rpiU 
cpxP, rpsT, pspC, rpmF, pspA, psp8, 
rpmG, pheM, ygeV, gigS, rpiQ, rpsM, 
rpsK, rpsO, rpoA, rpsE, rpiE, rpsN, 
rpsH, rpiF, rpiR, rpiP, rpmC, rpsQ, rpiN, 
rpiX, rpsS, rpiV, rpsC, rpsJ, rpiC, rpiO, 
biopolymer rpiW, rpiB, rpiM, rpsL, rpsG, rpoB, rpsF, 
G0:0043284 9.42E-09 biosynthetic process rpiU 
th iamin biosynthetic 
80:0009228 8.92E-03 process thiE, thiC, thiH 
G0:0006097 9.53E-03 glyoxylate cycle aceB, aceA 
cellular aldehyde 
80:0006081 1.31 E-02 metabolic process aceE, aceB, aceA 
regulation of cellular 
protein metabol ic 
G0:0032268 1.92E-02 process rpsH, rpiO 
tryptophan 
G0:0000162 4.63E-02 biosynthetic process trpL, tnaB 
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Table 6. Hypergeometric test results for GO category enrichment of genes for which 
expression was changed at least 1.8-fold by indole treatment in exponential phase 
cultures of E. coli 
GOBPID P value Term Genes 
tryptophan biosynthetic trpD, trpC, trpB, trpE, trpL, trpA, 
G0:0000162 3.00E-11 process aroH, mtr 
chorismate metabolic trpD, trpC, trpB, trpE, trpL, trpA, 
G0:0046417 2.11 E-08 process aroH, pheL, mtr 
biogenic amine trpD, trpC, trpB, trpE, trpL, trpA, 
G0:0042401 2.03E-06 biosynthetic process aroH, mtr 
thrL, trpD, trpC, trpB, trpE, trpL, 
cellular amino acid trpA, aroH, hisL, pheL, sdaC, mtr, 
G0:0008652 1.39E-05 biosynthetic process asnA, ginA, aspA 
thrL, trpO, trpC, trpB, trpE, trpL, 
organic acid biosynthetic trpA, aroH, hisL, pheL, sdaC, mtr, 
G0:0016053 6.60E-05 process asnA, ginA, aspA 
pyrimidine nucleotide 
G0:0006221 3.64E-03 biosynthetic process pyrD, pyrl, pyrL 
thrL, trpD, trpC, trpB, trpE, trpL, 
carboxylic acid metabolic trpA, aroH, hisL, pheL, sdaC, mtr, 
G0:0019752 6.19E-03 process tnaA, tnaC, asnA, ginA, aspA 
asparagine biosynthetic 
G0:0006529 7.05E-03 process asnA, aspA 
xenobiotic metabolic 
G0:0006805 1.57E-02 process ahpF, marA, katG, soxS 
response to temperature 
G0:0009266 1.85E-02 stimulus cspA, ibpB, ibpA 
nucleotide metabolic 
G0:0009117 1.94E-02 process pyrD, ndk, purT, purH, pyrl, pyrL 
nucleobase, nucleoside 
and nucleotide 
G0:0015949 2.42E-02 interconversion codB, codA, ndk, uraA, purH 
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thrL, crt, trpD, pspC, trpC, pyrO, 
ndk, trpB, marR, trpE, trpL, pspA, 
pspB, trpA, aroH, purT, hisL, pheL, 
sdaC, marA, mtr, rpmC, cspA, 
asnA, ginA, purH, soxS, aspA, rp/1, 
G0:0009058 2.57E-02 biosynthetic process pyrl, pyrL, rpsl, csgO 
thrL, codB, codA, crt, pspC, pyrO, 
ndk, marR, pspA, pspB, purT, hisL, 
uraA, pheL, sdaC, marA, cspA, 
nitrogen compound rnpA, tnaA, tnaC, asnA, ginA, purH, 
G0:0006807 3.09E-02 metabolic process soxS, aspA, pyrl, pyrL, csgO, mcrB 
heterocycle metabolic pyrD, ndk, purT, hisL, purH, pyrl, 
G0:0046483 3.21 E-02 process pyrL 
82 
Treatment with indole has been previously observed to increase 
expression of OxyR-controlled genes (Garbe eta/. 2000) and decrease 
expression of genes in curli synthesis and amino acid biosynthesis pathways 
(Bansal eta/. 2007). As "oxidative stress" and "phage shock" are not currently 
included in the set of GO biological processes, enrichment analysis was 
performed based on regulon contents as represented in EcoCyc (Keseler eta/. 
2009). Hypergeometric tests confirmed over-representation of OxyR-controlled 
genes (p:::::: 0.0006) and phage shock genes (p < 0.0001 ), and indicated over-
representation of curli fiber-associated genes (p:::::: 0.0033) in the set of genes 
affected by indole. 
The extracytoplasmic stress response system CpxAR has been implicated 
in indole-controlled expression of multi-drug transporters and motility genes 
(Bury-Mone eta/. 2009; Garbe eta/. 2000; Hirakawa eta/. 2005; Nishino eta/. 
2005). Our data showed that indole treatment results in increased expression of 
the highly inducible regulator cpxP (exponential phase, 1.54-fold; stationary 
phase, 3.66-fold) , consistent with activation of CpxAR in the absence of 
membrane stress (DiGiuseppe & Silhavy 2003). However, the observed increase 
in cpxP was not statistically significant, and as the phage shock and OxyR 
regulons can account for indole-induced persistence (Figure 22), it is unlikely 
that the Cpx system plays a critical role in this response. Though the BaeSR two-
component stress response system has been observed to respond to high levels 
of indole (Bury-Mone et a!. 2009) , differential expression of BaeSR-associated 
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genes was not observed after treatment with physiological indole concentrations. 
Likewise, indole was not observed to induce SdiA expression, which was 
previously observed in biofilm cultures in rich media (Lee eta/. 2007b). 
High levels of indole have been shown to induce expression of multi-drug 
efflux pumps (Davin-Regli eta/. 2008; Hirakawa eta/. 2005; Nishino eta/. 2005), 
resulting in resistance to antibiotics (increased MIC). However, the results of 
these experiments demonstrate an increase in survival after antibiotic challenge 
without any significant increase in expression of drug exporter systems (Table 7), 
consistent with the hypothesis that the increase in survival after incubation with 
indole is due to an increase in persister formation. These results are broadly 
consistent with those reported for exponential phase planktonic cultures, where 
indole-based induction of multi-drug pumps was observed during growth with 
toxic levels of indole (2 mM) but not with lower levels of indole (0.5-1 mM) 
(Hirakawa eta/. 2005). 
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Table 7. Fold change expression of multi-drug transporter genes in indole-treated (500 J,JM) 
vs. untreated cultures of E. coli K-12 EMG2. Data from Hirakawa eta/. (2005) (500 1-JM indole, 
LB medium, E. coli strain MC41 00) are presented for comparison. 
Exponential Phase Stationary Phase Exponential Phase LB, 
Gene M9CG, EMG2 M9CG, EMG2 MC410063 
a erA 1.52 0.86 1.2 
aerO 1.05 1.17 1.6 
acrE 0.93 0.62 0.8 
acrF 0.91 1.16 NO 
bcr 1.19 0.67 1.6 
cusB 0.91 0.91 1.0 
emrA 1.21 0.95 1.4 
emrD 0.94 1.20 1.2 
emrE 0.99 1.17 1.0 
emrK 1.03 0.86 1.2 
fsr 1.02 1.12 1.6 
macA 0.83 0.84 1.5 
mdfA 1.08 0.70 1.5 
mdtA 1.30 1.03 1.7 
mdtB 1.01 1.09 NO 
mdtC 1.11 1.07 NO 
mdtD 0 .. 99 0.83 NO 
mdtE 1.15 0.79 2.4 
mdtF 1.11 0.94 NO 
mdtG (yceE) 1.05 1.00 1.0 
yceL 0.96 0.85 1.5 
ydgF 0.89 1.09 0.9 
ydhE 0.97 1.00 1.6 
yidY 0.94 0.86 1.7 
yjiO 1.01 0.98 1.2 
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These results are in accord with earlier reports showing that indole 
signaling affects genes involved in oxidative stress responses , curli synthesis, 
amino acid synthesis, and indole production and transport (Bansal eta/. 2007; 
Bury-Mone eta/. 2009; Garbe eta/. 2000; Hirakawa eta/. 2005; Lee eta/. 2008; 
Lee eta/. 2007b; Nishino eta/. 2005). However, the phage shock system has not 
previously been shown to respond to indole. Furthermore, indole was not 
observed to significantly activate multi-drug pumps. The differences between 
these observations and earlier indole-responsive transcriptome data may be due 
to differences in E. coli strains and/or test conditions . Whereas previous studies 
were performed in rich media, typically on biofilms, at high indole concentrations, 
and at longer exposure times (Bansal eta/. 2007; Bury-Mone eta/. 2009; Garbe 
eta/. 2000; Hirakawa eta/. 2005; Lee eta/. 2008; Lee eta/. 2007b; Nishino eta/. 
2005) , these experiments used minimal media, planktonic cultures , 
physiologically relevant indole concentrations, and shorter exposure times to 
detect the initial transcriptional response to indole. 
On the basis of these findings, the following mechanism is proposed for 
indole-induced persister formation (Figure 25). The bacterial signaling molecule 
indole is sensed in a heterogeneous manner by a population of cells, causing 
induction of oxidative stress (OxyR) and phage shock (Psp) pathways via a 
periplasmic or membrane component, thereby inducing the creation of a 
persistent sub-population. Indole is not toxic at physiological levels, but triggers 
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protective responses, acting to "inoculate" a sub-population (persisters) against 
possible future stress. 
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Figure 25. Proposed mechanism for indole-induced persister formation in E. coli. The 
bacterial signaling molecule indole is produced under nutrient-limited conditions and sensed 
in a heterogeneous manner by a population of cells, causing induction of oxidative stress 
(OxyR) and phage shock (Psp) pathways. Activation of these pathways, via a peri plasmic or 
membrane component, induces high tolerance to antibiotics, thereby creating a persistent 
sub-population (starred cells) . Upregulated gene products and pathways are shown in black, 
and downregulated gene products and pathways are shown in grey. 
IV.B. Indole-induced tolerance in Salmonella typhimurium L T2 
Having demonstrated indole-induced persistence in E. coli, it was 
desirable to determine whether indole could be used as an interspecies signal to 
control antibiotic response in mixed microbial communities. Indole is present at 
high levels in the mammalian gut (Claus eta/. 1993; Jensen eta/. 1995; Karlin et 
a/. 1985; Smith & Macfarlane 1996, 1997) and would be available for interception 
and use by the many commensal and pathogenic species that can be found in 
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that environment. Response to indole has been observed in bacteria unable to 
produce this molecule, suggesting a role for indole as an interspecies signal (Di 
Martino eta/. 2003; Hamilton eta/. 2009; Lee eta/. 2009; Mueller eta/. 2009; 
Sasaki-Imamura eta/. 201 0; Tashiro eta/. 201 0). 
These experiments required a gastrointestinal bacterium, which would be 
exposed to high levels of indole in its natural intra-host environment. Further, it 
was preferable that the target species be unable to produce indole to ensure that 
the indole response was attributable to interspecies signaling. 
Salmonella typhimurium was chosen for these experiments because this 
common gastrointestinal pathogen, though closely related to E. coli, does not 
produce indole, and Salmonella species have previously been shown to respond 
to interspecies bacterial communication (Ahmer 2004; Dyszel eta/. 201 0; 
Sperandio 2009; Walters & Sperandio 2006a). Salmonella species are known to 
possess transcriptional regulators for autoinducer-1 (acyl homoserine lactones, 
AHLs) and autoinducer-2 response, despite possessing genes for production of 
Al-2 but not AHLs (Ahmer 2004); further, non-natively produced AHLs have 
been shown to impact pathogenicity in Salmonella (Dyszel eta/. 201 0; Sperandio 
2009). It has been observed that E. coli and Salmonella possess multiple 
signaling pathways implicated in interspecies communication, and it has been 
suggested that this represents an adaptation to the complex multispecies 
environment found in the mammalian gut (Walters & Sperandio 2006a) . 
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Though Salmonella species have lost the tryptophanase gene and do not 
produce indole, Salmonella have been observed to respond to indole signaling. 
High concentrations of indole (4 mM) have been shown to increase expression of 
the AcrAB multidrug pump in a RamA-dependent manner (Nikaido eta/. 2011 ), 
and moderate concentrations (0 .1 mM) of indole have been shown to increase 
biofilm formation in Salmonella (Hamilton eta/. 2009) . Based on previous 
observations of indole-induced persistence in E. coli and response to 
interspecies communication in Salmonella, it was hypothesized that S. 
typhimurium would display increased antibiotic tolerance after exposure to indole. 
To determine whether indole could induce antibiotic tolerance in S. 
typhimurium, late exponential phase cultures grown in M9CG were incubated 
with indole for 1 hour before treatment with carbenicillin (1 00 j.Jg/ml) or 
ciprofloxacin (0.5 j.Jg/ml) . The antibiotics used were chosen based on in vivo 
utility of the quinolone and 13-lactam antibiotics against enteric Salmonella 
infections (Asperilla eta/. 1990; Chiu eta/. 1999; Sammalkorpi eta/. 1987); 
kanamycin was not used in these experiments because L T2 cultures grown 
under these conditions are nearly indifferent to this drug (< 1 log killing). S . 
typhimurium L T2 showed increased tolerance to carbenicillin after incubation with 
50 1-1M indole and to ciprofloxacin after incubation with 125-250 1-1M indole 
(Figure 26A); interestingly, the effective indole concentrations for these two 
antibiotics did not overlap. However, the shape of the indole concentration-
survival response is conserved between antibiotics (Figure 26A) and between 
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species (Figure 268) , suggesting that some functional components of indole-
induced tolerance may be shared by all the conditions explored here, and that 
differences in shape and magnitude of the indole response may be due to 
differential induction of those functional components . 
Next, we sought to determine whether indole signaling by E. coli could 
induce tolerance in S. typhimurium. Cultures of E. coli EMG2 Pro and the 
corresponding 11tnaA strain were grown to stationary phase (16 hours) in 96-well 
plates in M9CG + 0-2 mM tryptophan to allow indole production. 20% of 
stationary phase E. coli culture volume was replaced with exponential phase (3.5 
hour) cultures of S. typhimurium L T2 LlnarV:CmR, and co-cultures were 
incubated 1 hour at 3rC before treatment with ciprofloxacin ; carbenicillin was 
not used in these experiments because high cell densities prevented effective 
killing of S. typhimurium . Co-culture with wild-type but not MnaA E. coli in media 
containing 0.5-1 mM tryptophan was observed to increase S. typhimurium 
survival after ciprofloxacin treatment (Figure 27C). Under these conditions , wild-
type E. coli converts approximately 25% of the original tryptophan into indole 
(Figure 26E-F) ; increased tolerance in S. typhimurium was therefore observed at 
125-250 !JM indole, consistent with observations in single-species cultures 
(Figure 26A). The co-culture experiment was repeated using EMG2 11tnaA-Pro 
bearing a plasmid for inducible expression of tnaA in trans (pZA21 -tnaA) ; 
plasmid-based expression of tnaA allowed induction of tolerance in S. 
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typhimurium during co-culture (Figure 260), suggesting that indole signaling is 
the primary mechanism by which co-culture with E. coli increases antibiotic 
tolerance in S. typhimurium. 
It was hypothesized that tolerance produced by indole treatment in S. 
typhimurium was a reversible phenotype, as was the case in E. coli. To test this 
hypothesis, fresh cultures of S. typhimurium L T2 were inoculated from antibiotic-
killed parent cultures, and these daughter cultures were challenged with the 
same antibiotic used on the parent culture. No difference in survival was 
observed between daughter cultures from indole-treated and untreated parent 
cultures after challenge with the original antibiotic, indicating that indole-induced 
tolerance is a reversible phenotype in S. typhimurium (Figure 27). 
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Figure 26. Indole induces tolerance to antibiotics in Salmonella typhimurium L T2. All 
experiments were conducted at 37"C in M9CG. Error bars represent mean ± SO of alt least 3 
biological replicates. (a) Indole-induced tolerance to carbenicillin (1 00 j.Jg/ml) and 
ciprofloxacin (0 .5 j.Jg/ml) in exponential-phase cultures of S. typhimurium L T2 as a function 
of indole concentration . (b) Tolerance to ciprofloxacin (0 .5 j.Jg/ml) in exponential-phase 
cultures of E coli EMG2 and S. typhimurium L T2 as a function of indole concentration . (c) 
L T2 shows increased antibiotic tolerance when co-cultured with wild-type but not MnaA E. 
coli. E. coli cultures were grown overnight (16 hours) in 96-well plates in M9CG +indicated 
concentrations of tryptophan to allow indole production. 20% of culture volume was replaced 
with an equal volume of exponential phase L T2 culture, and mixed cultures were incubated 1 
hour before treatment with ciprofloxacin . (d) L T2 shows increased antibiotic tolerance when 
co-cultured with EMG2 MnaA expressing plasmid-borne tnaA (16-hour culture, 2 mM 
tryptophan) as compared to co-culture with controls expressing plasmid-borne GFP. (e-f) 
HPLC was used to determine indole concentrations of (e) 16-hour wild-type E. coli cultures 
grown with indicated concentrations of tryptophan. Indole concentration was estimated 
based on height of the absorbance peak at 271 nm and (f) regression against a standard set 
of known concentrations (0-600 !JM indole). 
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As previous work has implicated the OxyR and phage shock regulons in 
indole-induced persistence in E. coli, it was desirable to determine whether these 
systems responded to indole in Salmonella. RNA samples were taken from S. 
typhimurium cultures treated with 0, 50, or 125 1-JM indole, and qPCR was 
performed targeting transcripts of 
selected genes in the OxyR and 
phage shock regulons.These data 
(Figure 28) indicated that, as in E. 
coli, expression of the OxyR and 
phage shock regulons is induced by 
indole. Indole concentration 
correlates positively with the 
magnitude of induction in oxidative 
stress genes, and no induction of 
phage shock genes is observed after 
treatment with 50 1-JM indole. 
Interestingly, increased transcription 
of pspE but not pspA was observed 
0.30 
o Carbenicillin !3 Ciprofloxacin 
0.25 
0.20 
iil 
~ 0.15 
"1?. 
0.10 
0.05 
0.00 -'------'-
0 50 250 
Indole of Parent Culture (~M) 
Figure 27. Indole-induced antibiotic-tolerant 
S. typhimurium L T2 return to wild-type 
tolerance levels after re-culture. Individual 
colonies were picked from persister assay 
plates after counting , re-cultured overnight in 
LB to stationary phase, then grown to 
exponential phase in M9CG before treatment 
with antibiotics. In all cases, the antibiotic and 
concentration used were identical to those 
used in the original persister assay (1 00 IJg/mL 
carbenicillin or 0.5 IJg/mL ciprofloxacin). Error 
bars represent mean ± SO of 4 biological 
replicates .. All experiments were conducted at 
37"C_ 
in Salmonella cultures treated with 125 1-JM indole; E. coli and Salmonella are 
known to show disparate regulation of homologous genes (Winfield & Groisman 
2004), and it may be that the observed differences in gene induction are due to 
functional differences in gene regulation between species. Indole treatment 
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produced a small but consistent decrease in ramA transcript abundance; this 
gene product has been shown to control expression of multidrug efflux pumps in 
S. typhimurium (Bailey eta/. 2008; Bailey eta/. 201 0; Nikaido eta/. 2008; Nikaido 
eta/. 2011 ; Zheng eta/. 2009), possibly indicating a decrease in efflux capacity in 
indole-treated cells. 
As in E. coli (Figure 24) , treatment with hydrogen peroxide for induction of 
the OxyR regulon increases antibiotic tolerance in S. typhimurium L T2 (Figure 
29). Tolerance to carbenicillin is induced at lower concentrations of hydrogen 
peroxide than tolerance to ciprofloxacin, consistent with observations of dose-
dependence of indole-induced tolerance in S. typhimurium (Figure 26A). The 
qualitative similarities in the antibiotic tolerance curves suggest that the OxyR 
regulon mediates indole-induced tolerance in S. typhimurium. 
Having demonstrated that S. typhimurium can respond to indole in vitro, it 
was desirable to determine whether this pathogen showed indole-induced 
persistence in a model intestinal environment. The nematode Caenorhabditis 
elegans was used as a simple in vivo model for gastrointestinal infection with S. 
typhimurium. S. typhimurium has been shown to establish persistent infections in 
the C. elegans gut (Aballay eta/. 2000). Successful infection requires adhesion 
to the intestinal epithelium of C. elegans and survival of the worm's antimicrobial 
defenses (Aiegado & Tan 2008) . 
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Figure 28. qPCR of selected genes in indole-treated and 
untreated S. typhimurium L T2. Exponential-phase cultures in 
M9CG were treated with 50 or 125 f.JM indole 30 minutes before 
RNA collection. Genes are grouped according to regulon 
association. 
Synchronized 
cultures of adult C. 
elegans were 
incubated in S-
medium with 0 or 
125 uM indole with 
E. coli EMG2 flfnaA 
Pro as a food 
source. S. 
typhimurium 
flnarV:CmR was 
introduced and 
incubated for 12 hours to allow establishment of the initial infection, after which 
cultures were washed to remove external pathogens and incubated 24 hours on 
E. coli with or without indole to allow Salmonella infection to progress. Indole 
treatment did not affect average pathogen count per worm (Figure 30A). Worm 
cultures were then treated with 2 j.Jg/ml ciprofloxacin or 200 j.Jg/ml carbenicillin 
for 24 hours; fixed volumes of worm culture were washed and lysed before and 
after antibiotic treatment, and serial dilution of worm contents on selective media 
was used to establish survival. We observed increased survival of S.typhimurium 
from worms in indole-treated cultures (Figure 308). 
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Figure 29. Pretreatment of exponential-phase cultures of S. 
typhimurium L T2 with H20 2 leads to increased survival after 
subsequent antibiotic treatment. Black line indicates growth of cultures 
after incubation for 1 h with H20 2 relative to untreated cultures. Bars 
indicate percentage survival of the same cultures after subsequent 
treatment with ciprofloxacin (dashed line, diamond points) or carbenicillin 
(solid line, square points) , relative to survival after incubation with H20 2. 
These 
experiments 
were repeated 
using 
fluorescent 
bacteria 
(EMG2 
att:SpR-
mCherry as a 
food source 
and S. 
typhimurium pZA21 -GFP as the infectious agent) to allow direct observation of S. 
typhimurium infection in the nematode gut. After 24-48 hours development of 
Salmonella infection, samples of worm culture were washed and mounted on 2% 
agar slides for fluorescent microscopy. Indole-treated cultures showed low-
intensity infection in nearly all worms sampled, whereas indole-untreated cultures 
tended to contain a mix of heavily-infected and un-infected worms, and S. 
typhimurium colonies in the intestines of indole-treated worm cultures tended to 
be smaller, more punctate, and more discrete than colonies in untreated worms 
(Figure 30C-D). Though CFU/worm data indicated that indole treatment did not 
affect average pathogen CFU/worm (Figure 30A), visual observations indicated 
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that the distribution of pathogens within the population was affected by indole 
(Figure 30C-D). 
To determine whether indole production by E. coli could affect Salmonella 
tolerance in the worm model, synchronized cultures of adult C. elegans were 
incubated in modified S-medium (pH -7, see Chapter II) with 0, 0.5, or 1 mM 
tryptophan using E. coli EMG2 or f...tnaA as a food source as previously 
described. S. typhimurium was introduced after 24 hours to allow production of 
indole prior to infection; cultures were not washed to remove external pathogens, 
as this would remove any E. coli-produced indole from the medium. Infection was 
allowed to proceed for 36 hours before treatment with ciprofloxacin. Addition of 
tryptophan to worm media increased survival after ciprofloxacin treatment and 
encouraged the formation of small punctate intestinal colonies of S. typhimurium 
when worms were fed on wild-type but not MnaA E. coli (Figure 31 ). 
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Indole Treated vs. Untreated 
No Antibiotic Carbenicillin Clprofloxacin 
Figure 30. Indole increases survival of S. typhimurium L T2 in the C. e/egans gut after 
antibiotic treatment and alters heterogeneity of infection in this system. (a) Intensity of 
S. typhimurium infection in C. elegans cultures treated with 0 or 125 1-JM indole, 36 hours 
after initial exposure to the pathogen. (b) Survival of S. typhimurium after antibiotic treatment 
in the C. elegans gut, given as L'l(indole treatment)t-.(24 hour antibiotic challenge). (c-d) 
Three-channel (DIC/GFP/mCherry, top rows) and isolated GFP channel (bottom rows) of C. 
e/egans fed with EMG2-mCherry and infected with S. typhimurium-GFP, (c) with no indole 
added and (d) with 125 1-JM indole added to culture. Images were taken 24-48 hours after 
initial exposure to pathogen. Each column of images represents a separate experiment. 
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Figure 31. Tryptophan increases survival of S. typhimurium LT2 in the C. e/egans gut 
after antibiotic treatment and alters heterogeneity of infection in this system. (a) 
Intensity of S. typhimurium infection in C. elegans cultures, where 0, 0.5, or 1 mM tryptophan 
was added to initial liquid culture, 36 hours after initial exposure to the pathogen . (b) Survival 
of S. typhimurium after antibiotic treatment in the C. elegans gut, given as i1(tryptophan 
treatment)i1(24 hour antibiotic challenge) . (c-d) Three-channel (DIC/GFP/mCherry, left) and 
isolated GFP channel (right) of C. e/egans fed with EMG2 or MnaA expressing mCherry and 
infected with S. typhimurium-GFP, (c) with no tryptophan added and (d) with 0.5 mM 
tryptophan added to culture. Images were taken 24-48 hours after initial exposure to 
pathogen . 
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These results indicate that indole signaling increases Salmonella 
persistence and alters heterogeneity of infection in this system. As indole at 
these concentrations does not reduce growth rate inS. typhimurium (Figure 32) 
and has previously been shown to increase biofilm formation in this species 
(Hamilton eta/. 2009), it is unlikely that indole is interfering directly with 
800 
700 
600 
i 500 
0 400 ... 
(!) 
~ Q 300 
200 
100 
0 
0 125 250 500 1000 2000 
Indole (I..IM) 
Figure 32. MIC of indole in S. typhimurium L T2. 
Exponential-phase cultures of L T2 grown in M9CG were 
treated with indicated concentrations of indole. CFU/ml 
were obtained by serial dilution plating at time of treatment 
and 5 hours post-treatment. Error bars represent mean ± 
SO of three biological replicates. 
outgrowth of Salmonella 
on the intestinal 
epithelium. As 
observations in vitro 
indicate that indole 
increases survival of 
Salmonella during 
antibiotic challenge, it is 
possible that Salmonella is 
better able to survive 
exposure to C. elegans 
antimicrobial peptides in indole-treated cultures, allowing this pathogen to 
consistently colonize the host intestine. The observed pattern of infection, where 
S. typhimurium establishes fewer high-density infections in indole-treated 
cultures, is consistent with current ideas of bacterial persistence, in that the 
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bacteria persistent to antimicrobial challenge are expected to be slowly growing 
or non-growing (Balaban eta/. 2004). 
III.C. Cinnamaldehyde and bacterial tolerance 
In a screen of small molecules affecting cell signaling (Chapter Ill), the 
putative Al-2 antagonist cinnamaldehyde (150 !JM) (Brackman eta/. 2008; Niu 
eta!. 2006) was found to increase multidrug tolerance in exponential-phase 
cultures of E. coli (Figure 3). The tJ.pspBC and llflutJ.oxyR mutants, which were 
shown to be functionally involved in indole-induced antibiotic tolerance (Figure 
22) did not appear to be necessary for cinnamaldehyde-induced tolerance 
(Figure 33), indicating that indole and cinnamaldehyde induce tolerance through 
different mechanisms, The magnitude of the cinnamaldehyde-induced increase 
in tolerance was smaller than expected upon replication, and the difference is 
most likely attributable to the effects of small sample size. 
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Figure 33. The phage shock and OxyR responses are not necessary for 
cinnamaldehyde-induced antibiotic tolerance in E. coli. Exponential-phase cultures of E. 
coli grown in M9CG were treated with 0 or 150 1JM cinnamaldehyde and incubated 1 hour 
before challenge with antibiotic (100 IJg/mL ampicillin or 5 IJg/mL ofloxacin). Kanamycin was 
not used because knockout strains contain a kanamycin-resistance cassette. Error bars 
represent mean± SD of at least three biological replicates. 
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IV.D. Phylogeny of bacterial signaling 
IV.D.1. Phylogenetic distances within the A-Proteobacteria 
A total of 42 species within the 1\-Proteobacteria were selected from the 
NCB I database (Table 2), 20 of which possessed a tryptophanase gene. Within 
the 1\-Proteobacteria, tryptophanase-positive strains can be found in orders 
Aeromonadales (2 tryptophanase-positive strains of 4 strains in database), 
Alteromonadales (1 /65), Enterobacteriales (184/366), Pasteurellales (17 /59), and 
Vibrionales (66/121) (Figure 34); all strains used were selected from these 
orders. 
Genes were selected for comparison with tnaA based on expected rates 
of sequence divergence, deletion, and horizontal transfer. The dnaA gene is 
expected to be highly conserved and vertically transmitted (Price eta/. 2008). 
The crp gene is expected to be well conserved and vertically transmitted, but is 
known to be lost in highly specialized endosymbiotes and therefore should 
diverge more rapidly than dnaA (Price eta/. 2008). The rbsR gene is known to 
have undergone losses and duplications in the Proteobacteria, and there is some 
evidence for horizontal transfer (Price eta/. 2008); this gene is expected to 
diverge more rapidly than crp. The cadA gene, which encodes a lysine 
decarboxylase in E. coli, is known to be detrimental for virulence and is expected 
to be lost rapidly in host-adapted strains (Hersh berg eta/. 2007). Consistent with 
expectations, we identified dnaA in all TnaA-positive strains, whereas crp was 
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present in 19/20 strains, rbsR was present in 19/20 strains, and cadA was 
identified in 8/20 strains (Table 8). 
Pairwise distances based on tnaA sequence were compared with pairwise 
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Figure 34. Phylogenetic tree of selected A-Proteobacterial species based on 165 rRNA 
distance. Indole-positive species (>90% of strains in NCBI database possessing tnaA) are 
shown in bold red text; indole-negative species (<10% of strains possessing tnaA) are 
shown in blue italics, and species for which indole status is variable are shown in purple 
regular text. A total of 42 species from orders Aeromonadales, Alteromonadales, 
Enterobacteria/es, Pasteurellales, and Vibriona/es are represented . Fusobacterium 
nucleatum (indole-positive) is included as an out-group. 
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distances based on all other genes, and linear relationships were calculated 
(Table 9). The Enterobacteraceae family (Escherichia, Shigella, Citrobacter, 
Enterobacter, Pantoea, Edwardsiella, Dickeya) showed evidence of rapid 
divergence of tnaA relative to 168, consistent with previous reports indicating 
loss of tryptophanase activity with increased specialization in this clade (Rezwan 
eta/. 2004). By contrast, pairwise relationships between the Vibrionaceae and 
other clades show unexpectedly low divergence of tnaA relative to 16S (Figure 
Gene 
Species cad A crp dnaA rbsR 
Aeromonas hydrophila X X X X 
Citrobacter koseri X X X 
Dickeya dadantii X X X 
Edwardsiella tarda X X X X 
Enterobacter cloacae X X X 
Escherichia coli K-12 MG1655 X X X X 
Escherichia coli 0157:H7 X X X X 
Haemophilus influenzae X X X 
Pantoea ananatis X X X 
Pasteurella multocida X X X 
Photobacterium profundum X X 
Shewanella sediminis X X 
Shigella boydii X X X 
Shigella flexneri X X X 
Vibrio cholerae X X X X 
Vibrio harveyi X X X X 
Vibrio parahaemolyticus X X X X 
Vibrio vulnificus X X X X 
Yersinia enterocolitica X X X 
Table 8. Tryptophanase-positive species used in phylogenetic 
analyses, and genes present in each species. For all species, 
annotated 16S rRNA and tryptophanase gene sequences were 
available. 
35) , suggesting 
horizontal 
transfer of tnaA. 
Pairwise 
topological 
distances 
between trees 
were calculated 
(Table 10). 
Though patterns 
in tree distance 
vary depending 
on the method 
used , it is clear 
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that there are inconsistencies between the TnaA tree and the other gene trees in 
this analysis. These inconsistencies become obvious when trees are displayed in 
pairwise plots (Figure 36). In particular, the genus Vibrio fails to group as a clade 
when the tnaA sequence is used. V. vibrio and V. harveyi show close kinship with 
H. influenzae and P. multocida based on tnaA sequence, indicating possible 
horizontal transfer between these taxa with Vibrio most likely acting as the donor 
of the transmitted sequence (Martin eta/. 1998). 
y X Slope 2 R adj 
cad A tnaA 0.685 0.904 
crp tnaA 0.590 0.856 
dnaA tnaA 0.771 0.867 
rbsR tnaA 1.124 0.912 
165 rRNA tnaA 0.260 0.877 
Table 9. Linear regression of phylogenetic distances vs. 
distancetnaA· All regressions are constrained such that b=O. 
PH85 Method 
TnaA 16S DnaA Crp 
16S 22 
DnaA 20 14 
Crp 26 18 10 
RbsR 26 14 14 10 
Score Method 
TnaA 16S DnaA Crp 
16S 0.21 
DnaA 0.29 0.21 
Crp 0.24 0.16 0.11 
RbsR 0.34 0.30 0.23 0.1 9 
Table 10. Pairwise topological distances between 
phylogenetic trees. Distances were calculated using the 
method of Penny and Hendy (PH85) or the branch length score 
method of Kuhner and Felsenstein. 
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Figure 35. Comparison of phylogenetic distances, distance16S rRNA vs. distancetnaA• 
Points represent pairwise species-species distances based on gene sequence. 
Selected outliers are labeled with species names (Ck, Citrobacter koserii; Eel, 
Enterobactercloacae ; EcK12, Escherichia coli K12 MG1655; EcO, Escherichia coli 
0157:H7; Et, Edwardsiella tarda ; Dd, Dickeya dadantii; Hi, Haemophi/us influenzae; Pa, 
Pantoea anantis; Pm, Pasteurella multocida; Pp, Photobacterium profundum; Sf, 
Shigella flexneri; Ss, Shewanella sediminis; Vc, Vibrio cho/erae; Vh, Vibrio harveyi; Vp, 
Vibrio parahaemo/yticus; Ye, Yersinia enteroco/itica) 
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tnaA 165 rRNA tnaA crp 
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Figure 36. Co-phylogenetic distance plots aligned with reference to tnaA. In all plots, F. 
nucleatum (Fnuc) is the root. Branches are labeled with species names (Ckoseri , Citrobacter 
koserii; Ecloacae, Enterobactercloacae; EcoliK12, Escherichia coli K12 MG1655; 
Ecoli0157, Escherichia coli 0157:H7; Etarda, Edwardsiella tarda ; Ddadantii , Dickeya 
dadantii; Hinfluenz, Haemophilus influenzae; Pananti , Pantoea anantis; Pmulto, Pasteurella 
multocida; Sflexneri, Shigella flexneri; Vcholerae, Vibrio cholerae ; Vharveyi , Vibrio harveyi; 
Vparahaem, Vibrio parahaemolyticus; Yentero, Yersinia enterocolitica) . (A) 168 rRNA, (B) 
crp, (C) dnaA, and (D) rbsR. 
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IV.D.2. Phylogenetic profiling 
Phylogenetic profiling is a comparative genomic method in which the 
presence or absence of homologs is determed for individual genes across a set 
of genomes. This information has been used to infer protein function (Enault et 
a/. 2003; Pellegrini et at. 1999) and to perform genotype/phenotype correlation 
(Kensche eta/. 2008). Similarity-based profiling methods make use of sequence 
homology explicitly rather than relying on simple presence/absence of homologs 
(Date & Marcotte 2003; Enault et at. 2003). At an additional level of complexity, 
phylogenetic model-based profiling directly incorporates information on 
phylogenetic relationships between species to allow discrimination between 
shared inheritance and correlated evolution of homologous genes (Barker & 
Pagel 2005). 
We have shown that Salmonella, which does not produce indole, is able to 
respond to indole signaling, and that indole response in this pathogen can impact 
host infection and survival during antimicrobial challenge. Salmonella is indole-
negative due to loss of the tnaA gene; the genes flanking tnaCAB on the E. coli 
chromosome (trmE, mdtL) maintain their relative positions in Salmonella 
typhimurium L T2, but the intervening sequences (STM3844-STM3846, positions 
4049833-4053275) are putatively phage-derived.The prevalence of phage-
derived elements and inserrtion sequences at this locus in Salmonella indicates 
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mobilization and horizontal transfer of tnaA (Brooks eta/. 2011 ; Martin eta/. 
1998). 
The mobility of tnaA provides a mechanism for loss and transfer of this 
gene; however, the apparent ease with which the gene may be moved or lost 
suggests the need for selective pressure to explain its retention in bacterial 
lineages. It has been suggested that interspecies signaling is an adaptation to 
the complex multispecies environment found in the mammalian gut (Walters & 
Sperandio 2006a) ; however, signal production carries a metabolic cost, and the 
fact that bacteria retain the ability to produce signals that are then utilized by non-
producing "cheater" species (Czaran & Hoekstra 2009; Diggle eta/. 2007a; 
Diggle eta/. 2007b; Keller & Surette 2006) requires explanation . 
We sought to determine whether tryptophanase could be linked to 
lifestyle-associated factors or genes of known function that could elucidate the 
selective pressures at work on the retention or elimination of this protein. We 
theorized that identification of proteins with phylogenetic profiles similar to those 
of TnaA would allow inference of this protein's function in different bacterial 
lifestyles and provide some insight into how loss or maintenance of 
tryptophanase activity is selected for in bacteria. 
We generated phylogenetic profiles for non-redundant E. coli K-12 
MG1655 proteins in the NCBI database,using a BLASTP search against the 
proteomes of 529 fully sequenced bacterial species to identify homologous 
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proteins (see Chapter II , Table 3). Logit regression was performed against 
taxonomic group and lifestyle-associated factors, with presence/absence of TnaA 
as the dependent variable; BLASTP e-values :5 1 o-10 were considered to indicate 
the presence ofTnaA (Wu eta/. 2003; Wu eta/. 2006) (Table 11). Results 
indicated that TnaA is comparatively rare outside of the A-Proteobacteria, with 
the exception of the purple sulfur bacteria clade C/oroflexi. The capacity for 
anaerobic metabolism was positively associated with the presence of TnaA. 
Genome size showed only weak positive correlation with the presence of TnaA 
over the entire set of species; however, the smallest genomes in the set(< 2 
million base pairs) encode TnaA at a lower frequency than mid-sized genomes 
(Table 12), consistent with the hypothesis that TnaA is preferentially lost during 
reductive evolution of genomes in obligate host-associated bacteria . 
111 
385201 527 1 2.42E-02 1 
385.88 1 527 1 3.61E-02 1 
-2.40 387 .84 1 527 1 1 19E-01 i 
0.10 
Table 11. Bacterial taxonomic and lifestyle factors associated with TnaA. P-values for 
individual factors were obtained from general linear (legit) regression against presence/absence 
of TnaA; chi-squared P-values indicate significance of individual linear-leg it models as 
determined by ANOV A. 
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Phylogenetic profiles were first generated using a distance measure 
developed by Enault eta/. (2003) which is calculated from normalized BLASTP 
bit scores and designed to identify groups of co-evolved proteins . The 200 E. 
coli proteins with the lowest Enault distances to TnaA are shown in Table 13 .. 
Profiles were then generated using mutual information (MI) of protein 
presence/absence vectors across all 529 bacterial species, where BLASTP e-
Relative 
Genome Size (MB) HasTnaA #Species Frequency Frequency 
<2 2 84 0.024 0.41 2 
2 - 3 13 111 0.11 7 0.747 
3- 4 12 90 0.133 0.899 
4 - 5 19 99 0.192 0.665 
5 - 6 12 77 0.156 0.394 
6- 7 3 29 0.103 0.295 
>7 5 39 0.128 0.319 
Table 12. Frequency of TnaA is reduced in very small 
genomes. Genome size is given in megabases. Frequency of 
TnaA was determined as (# species possessing TnaA)/(total # 
species) for each bin of genome sizes. Relative frequency was 
calculated as percent of genes with lower representation than 
TnaA in each species bin , where representation was normalized 
against total number of orthologs for individual proteins across all 
speces. Proteins with no orthologs were excluded from analysis. 
values::;; 1 o-10 were 
considered to indicate 
the presence of a 
homologous protein 
(Wu eta/. 2003; Wu 
eta/. 2006). This 
metric requires 
discretization of the 
BLASTP homology 
data and therefore does involve loss of information; however, as tnaA appears to 
be horizontally transferred, the use of alignment scores as in the Enault distance 
may conceal strong correlations with non-co-evolved genes. The 200 most 
informative proteins relative to TnaA are shown in Table 14. Gene Ontology 
enrichment analysis was performed on the lowest-distance (Table 15) and most-
informative (Table 16) 10% of the proteome (440 proteins) . 
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The results of these profiles indicated links between TnaA and proteins 
involved in amino acid metabolism, stress responses, and anaerobic metabolism. 
Proteins involved in amino acid transport and metabolism are clearly abundant in 
both sets, which is intuitive based on the known function of TnaA. Phage- and 
prophage-associated proteins are abundant among proteins co-evolved with 
TnaA (Table 13), consistent with previous observations suggesting that tnaA 
may be mobilized by phage-based systems. Genes inolved in anaerobic 
respiration are over-represented, suggesting a relationship between TnaA and 
adaptation to oxygen-limited environments; also, it is known that anaerobiosis-
associated genes and pathways are frequently utilized during nutritional stress in 
Salmonella and related bacteria (Nystrom eta/. 1996; Spector & Kenyon 2012), 
consisent with the known roles of indole and the tryptophanase enzyme in 
stationary-phase metabolism. Stress-related proteins and toxin-antitoxin systems 
are strongly represented, consistent with experimental work suggesting a role for 
indole signaling in control of bacterial stress responses (Chapter IV.A and B). 
Gene Ontology results indicate that proteins annotated as "response to drug" are 
under-represented among proteins co-evolved with TnaA; this annotation is 
reserved for drug efflux pumps in E. coli MG1655, consistent with earlier results 
(Table 7, Figure 21) showing no change in expression or possible down-
regulation of efflux pumps after indole treatment in E. coli and Salmonella. 
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Table 13.200 E. coli proteins with the lowest Enault distances to TnaA. 
Gene 
yafY 
ybfK 
yojO 
yfdP 
dinQ 
yahl 
yaiO 
ybfC 
ymcE 
ycfZ 
ymfM 
ydaC 
raiR 
race 
racR 
mokB 
yncH 
ydcD 
yddJ 
safA 
fl xA 
elaD 
yfbN 
yfdN 
yfjl 
yfjM 
casB 
ygel 
yghG 
yghR 
yghS 
yghT 
mqsR 
yibA 
yibG 
rfaS 
yqfG 
yshB 
yagN 
!ykgl 
I Distance I Description 
0 lipoprotein, inner membrane; overproduction st imulates degP expression; CP4-6 
0 hypothetical protein b4590 
0 hypothetical protein b4604 
0 CPS-53 (KpLE1) prophage; predicted protein 
0 Damage inducible, function unknown 
0 hypothetical protein 
0 predicted protein 
0 outer membrane protein 
0 predicted protein 
0 cold shock gene 
0 inner membrane protein 
0 e14 prophage; predicted protein 
0 Rae prophage; predicted protein 
0 Rae prophage; restriction alleviation protein 
0 Rae prophage; predicted protein 
0 Rae prophage; predicted DNA-binding transcriptional regulator 
0 regulatory peptide 
0 conserved protein 
0 predicted protein 
0 predicted protein 
0 Two component system connector membrane protein, EvgSA to PhoQP 
0 Qin prophage; predicted protein 
0 protease , capable of cleaving an AMC-ub iquitin model substrate 
0 conserved protein 
0 CPS-53 (KpLE1) prophage; predicted protein 
0 CP4-57 prophage; predicted protein 
0 CP4-57 prophage; predicted protein 
0 CRISP RNA (crRNA) containing Cascade antiviral complex protein 
0 predicted protein 
0 predicted protein 
0 predicted ATP-binding protein 
0 predicted ATP-binding protein 
0 predicted ATP-binding protein 
GCU-specific mRNA interferase toxin of the MqsR-MqsA toxin-antitoxin system and 
0 biofilm/motility regulator 
0 Predicted lyase containing HEAT-repeat 
0 conserved protein 
0 lipopolysaccharide core biosynthesis protein 
0 expressed protein 
0 expressed protein 
0 CP4-6 prophage; predicted protein 
0 predicted protein 
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Table 13 (cont.) 200 E. coli proteins with the lowest Enault distances to TnaA. 
Gene I Distance I Description 
ypdl 0 predicted lipoprotein involved in colanic acid biosynthesis 
hokB 0 to xic polypeptide, small 
ileR 0 ile repressor protein 
OORF_o110 
ykgl 
yahM 
ylcG 
yceQ 
ymfJ 
ymgF 
hlyE 
ydaE 
kiiR 
sieB 
ydaG 
. ydfB 
tori 
insl 
yfjS 
yqeK 
yigG 
mqsA 
croE 
yhiJ 
mazE 
yecT 
yidX 
bdm 
ldrB 
ldrC 
iraD 
lvcdU 
0 ORF _o111 
0 ORF _o137 
0 ORF_o54 
0 ORF _o159; 2nd start 
0 predicted protein 
0 predicted protein 
0 expressed protein, DLP12 prophage 
0 predicted protein 
0 e14 prophage; predicted protein 
0 inner membrane division septum protein 
0 hemolysin E 
0 Rae prophage; conserved protein 
0 Rae prophage; inhibitor of ftsZ, killing protein 
0 Rae prophage; phage superinfection exclusion protein 
0 Rae prophage; predicted protein 
0 Rae prophage; predicted lipoprotein 
0 Qin prophage; predicted protein 
0 response regulator inhibitor for tor operon 
0 18186 transposase 
0 CP4-57 prophage; predicted protein 
0 predicted protein 
0 conserved inner membrane protein 
0 ORF _f131 
1.11 E-16 Inhibitor of glucose uptake 
1.11 E-16 DLP12 prophage; predicted lipoprotein 
2.22E-16 antitoxin for MqsR to xin; predicted transcriptional regulator 
2.22E-16 e14 prophage; predicted DNA-binding transcriptional regulator · 
1.34E-09 predicted protein 
4.35E-07 antitoxin of the ChpA-ChpR toxin-ant itoxin system 
5.16E-07 predicted protein 
1.18E-06 predicted lipoproteinC 
2.40E-06 biofilm-dependent modulation protein 
4.45E-06 toxic polypeptide, small 
7.81 E-06 toxic polypeptide, smal l 
8.17E-06 RpoS stabilzer after DNA damage, anti-RssB factor 
9.51 E-06 ORF _o200; gtg start 
9.56E-06 predicted inner membrane protein 
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Table 13 (cont.) 200 E. coli proteins with the lowest Enault distances to TnaA. 
Gene !Distance !Description 
yhaB 1.07E-05 predicted protein 
yegR 1.41 E-05 predicted protein 
2.20E-05 unnamed protein product 
ybeU 2.21 E-05 con served protein, DUF1266 family 
ydhQ 2.34E-05 conserved protein 
ninE 3.17E-05 DLP12 prophage; conserv~d protein 
DNA-binding transcriptional activator; controls transport and metabolism of threonine 
tdcR 3.45E-05 and serine 
ydcA 3.53E-05 predicted protein 
yniD 4.47E-05 predicted protein 
yfaT 4.76E-05 predicted protein 
cbrB 5.70E-05 inner membrane protein, creBC regulon 
7.42E-05 unnamed protein product 
yehK 9.02E-05 predicted protein 
yciX 0.000101 hypothetical protein b4523 
yjbS 0.000103 hypothetical protein b4621 
yhal 0.000129 predicted protein 
zraP 0.000181 Zn-binding periplasmic protein 
yqgB 0.000327 pred icted protein 
sra 0.000344 Stationary-phase-induced ribosome-associated protein 
cbrC 0.000433 conserved protein, UPF0167 family 
yibB 0.000733 con served protein, pfam09612 family 
yjjY 0.000758 predicted protein 
rzpQ 0.000776 Rz-like equivalent, Qin prophage 
yei8 0.000971 conserved protein, DUF2542 family 
yobF 0.001673 predicted protein 
ynfO 0.001766 hypothetical protein, Qin prophage 
insA 0.001829 181 repressor TnpA 
ydfA 0.001895 Qin prophage; predicted protein 
yncJ 0.001976 predicted protein 
yidl 0.002027 inner membrane protein 
in sA 0.002042 181 repressor TnpA 
ydaF 0.002114 Rae prophage; predicted protein 
yiiG 0.002438 conserved lipoprotein 
ydfK 0.002614 cold shock protein, function unknown, Qin prophage 
yrhB 0.00277 predicted protein 
in sA 0.002858 181 repressor TnpA 
ydjY 0.002895 predicted protein 
ynaE 0.002933 cold shock protein, function unknown, Rae prophage 
inaA 0.002967 conserved protein, acid-induced 
yfcO 0.003129 predicted protein 
zinT 0.003255 zinc and cadmium binding protein, periplasmic 
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Table 13 (cont.) 200 E. coli proteins with the lowest Enault distances to TnaA. 
Gene 
yjaA 
ydfD 
yeeT 
yiiE 
iraM 
yeeU 
hyaE 
yjbE 
yfdY 
ypaA 
gadE 
yhaV 
yjaZ 
ydfZ 
ldrD 
ybcW 
ydhT 
gltF 
yjiC 
yhfl 
ymfR 
yqgC 
ysaB 
yjbl 
yqiJ 
dicC 
yhcF 
hdeA 
eutS 
hokE 
bssR 
yfeK 
yjbM 
yaaY 
yceO 
gnsB 
ppdC 
lybcN 
I Distance I Description 
0.003332 conserved stress-induced protein 
0.003452 Qin prophage; predicted protein 
0.003585 CP4-44 prophage; predicted protein 
0.003608 ORF _o109 
0.003711 predicted transcriptional regulator 
0.00384 RpoS stabilzer during Mg starvation, anti-RssB factor 
0.004197 CP4-44 prophage; antitoxin ofthe YeeV-YeeU to xin-antitoxin system 
0.004222 probable HyaA chaperone 
0.004229 predicted protein 
0.004235 predicted inner membrane protein 
0.004335 toxic membrane protein, small 
0.004359 predicted protein 
0.004378 DNA-binding transcriptional activator 
0.004516 toxin of the SohB(PriF)-YhaV to xin-antitoxin system 
0.004632 stationary phase growth adaptation protein 
0.004809 selenoprotein , function unknown 
0.004812 to xic polypeptide, small 
0.004951 DLP12 prophage; predicted protein 
0.005224 conserved protein 
0.005445 periplasmic protein 
0.005503 predicted protein 
0.005708 small lipoprotein 
0.006211 e14 prophage; predicted protein 
0.006468 ORF _o164 
0.006559 predicted protein 
0.006662 predicted protein 
0.006903 predicted protein 
0.006944 inner membrane protein, DUF1449 family 
0.006978 Qin prophage; DNA-binding transcriptional regulator for DicB 
0.00707 4 predicted transcriptional regulator 
0.007704 stress response protein acid-resistance protein 
0.008041 predicted carboxysome structural protein with predicted role in ethanol utilization 
0.008179 to xic polypeptide, small 
0.008326 repressor of biofilm formation by indole transport regulation 
0.008402 predicted protein 
0.008495 predicted protein 
0.008638 predicted protein 
0.008863 predicted protein 
0.009252 Qin prophage; multicopy suppressor of secG(Cs) and fabA6(Ts) 
0.009724 predicted protein 
0.009845 DLP12 prophage; predicted protein 
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Table 13 (cont.) 200 E. coli proteins with the lowest Enault distances to TnaA. 
Gene lDistance !Description 
yibT 0.009852 predicted protein 
0.010113 unnamed protein product 
0.010138 ORF _f122 
yjgZ 0.010459 KpLE2 phage-like element; predicted protein 
yjiS 0.011198 conserved protein 
ymjA 0.011254 predicted protein 
yqhG 0.011319 conserved protein 
priF 0.011414 antitoxin of the SohA(PriF)- YhaV toxin-antitoxin system 
0.011481 toxic polypeptide, small 
ybjH 0.011503 predicted protein 
yhdV 0.011509 predicted outer membrane protein 
yfiM 0.011544 required for high salt suppression of motility; probable lipoprotein 
ybcH 0.011606 predicted protein 
Multicopy suppressor of secG(Cs) and fabA6(Ts); predicted regulator of 
gnsA 0.011788 phosphatidylethanolamine synthesis 
ais 0.01181 predicted LPS core heptose(ll)-phosphate phosphatase 
hokD 0.011951 Qin prophage; small to xic polypeptide 
quuD 0.012142 DLP12 prophage; predicted antitermination protein 
yohO 0.012272 predicted protein 
hofP 0.012314 protein required for the utilization of DNA as a carbon source 
ydaQ 0.012325 Rae prophage; conserved protein 
yhjR 0.012377 putative protein 
bcsF 0.012432 predicted protein 
yneK 0.012472 predicted protein 
f125 0.01277 f125 
a roM 0.012931 conserved protein , AroM family ; regulated by aroR 
atoE 0.012938 short chain fatty acid transporter 
wcaD 0.013007 predicted colanic acid polymerase 
yoaC 0.013048 conserved protein, DUF1889 family 
pyrl 0.013159 pyrBI operon leader peptide 
dctR 0.013176 predicted DNA-binding transcriptional regulator 
yjjZ 0.0133 predicted protein 
0.013452 ORF _183 
ynfN 0.01355 Qin prophage; cold shock-induced protein 
yeeR 0.013566 CP4-44 prophage; predicted membrane protein 
rtcA 0.01365 RNA 3'-terminal phosphate cyclase 
0.013753 ORF f146 
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Table 14. 200 most informative E. coli proteins in relation to TnaA, as determined by 
mutual information 
Gene IMI !Description 
ybjE 0.114 predicted transporter 
sanA 0.112 vancomycin high temperature exclusion protein ; mutants have a defective envelope more 
ygjQ 
yhaM 
yciU 
frdD 
zapB 
glpB 
mukF 
yfbU 
rsxC 
mukE 
yeeX 
uspC 
mukB 
frdC 
uspD 
yheO 
cdd 
ytfJ 
yecM 
yhcB 
uspA 
ybjl 
pssA 
y]P 
thiB 
yael 
hns 
o171 
permeable to vancomycin at 42 degrees 
0.109 conserved protein, SanA family, DUF218 superfamily 
0.105 conserved protein 
0.102 ORF _f187 
0.1 DO conserved protein, UPF0263 family 
0.098 ORF _f188 
0.097 fumarate reductase (anaerobic), membrane anchor subunit 
0.097 septal ring assembly factor, stimulates cell division 
0.097 sn-glycerol-3-phosphate dehydrogenase (anaerobic), membrane anchor subunit 
0.097 chromosome condensin MukBEF, kleisin-like subunit, binds calcium 
0.096 conserved protein, UPF0304 family 
0.096 electron transport comple x protein required for the reduction of SoxR; predicted membrane-
associated NADH oxidoreductase 
0.096 
0.096 
0.096 
0.096 
0.096 
0.096 
0.095 
0.094 
0.094 
0.093 
0.093 
0.093 
0.092 
0.091 
0.090 
0.090 
0.090 
0.090 
0.090 
chromosome condensin MukBEF, MukE subunit 
conserved protein, UPF0265 family 
universal stress protein 
chromosome condensin MukBEF, ATPase and DNA-binding subunit 
fumarate reductase (anaerobic), membrane anchor subunit 
stress-induced protein 
conserved protein 
cytidine/deoxycytidine deaminase 
predicted transcriptional regulator 
predicted metal-binding enzyme 
conserved protein 
universal stres s global response regulator 
predicted transporter 
phosphatidylserine synthase (CDP-dia cylglycerol-serine 0-phosphatidyltransferase) 
inner membrane protein, H-NS-repressed, DUF1212 family 
thiamin transporter subunit 
conserved protein 
global DNA-binding transcriptional dual regulator H-NS 
o171 
0.090 C Chain C, Crystal Structure OfThe E190a Mutant Of 0-Succinylbenzoate Synthase From 
Escherichia Coli 
pgpB 0.089 phosphatidylglycerophosphatase B 
yihD 0.089 DUF1 040 protein YihD 
matP 0.089 Ter macrodomain organizer matS-binding protein 
yohJ 0.089 inner membrane protein, UPF0299 family 
menC 0.089 o-succinylbenzoyi-CoA synthase 
yejl 0.089 conserved protein, UPF0352 family 
yihl 0.089 activator of Der GTPase 
lptC 0.089 lipopolysaccharide export, 1M-tethered periplasmic protein ofthe LptBFGC export comp lex 
0.089 A Chain A, Crystal Structure Of Lptc 
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Table 14 (cont.) 200 most informative E. coli proteins in relation to TnaA, as determined by 
mutual information 
Gene IMI !Description 
rsxE 0.089 electron transport complex inner membrane NADH-quinone reductase required for the reduction 
bamC 
holD 
stpA 
yfbV 
ftnA 
yhhN 
hemG 
rsxA 
yidE 
ybjX 
yqfl8 
frsA 
rraB 
seqA 
o200 
rsxD 
ofSoxR 
0.089 lipoprotein required for OM biogenesis, in BamABCDE complex 
0.088 DNA polymerase Ill, psi subunit 
0.088 DNA binding protein, nucleoid-associated 
0.088 inner membrane protein, UPF0208 family 
0.088 ferritin iron sto rage protein (cytoplasmic) 
0.088 predicted inner membrane protein, TMEM86 family 
0.087 protoporphyrin oxidase, flavoprotein 
0.087 electron transport complex protein required for the reduction of SoxR 
0.087 predicted transporter 
0.087 conserved protein 
0.087 conserved protein, UPF0267 family 
0.087 fermentation-respiration switch protein; PTS Enzyme IIA(Gic)-binding protein; pNP-butyrate 
esterase activity 
0.087 protein inhibitor of RNase E 
0.087 regulatory protein for replication initiation 
0.086 o200 
0.086 electron transport comp lex protein required for the reduction of SoxR; predicted membrane 
protein 
metJ 0.086 DNA-binding transcriptional repressor, 8-adenosylmethionine-binding 
yoaH 0.086 conserved protein · 
fldB 0.086 flavodoxin 2 
tmcA 0.085 elongator methionine tRNA (ac4C34) acetyltransferase 
yea Y 0.085 lipoprotein, RpoE-regulated, fucntion unknown 
ydeM 0.085 conserved protein 
sixA 0.085 phosphohistidine phosphatase 
cysZ 0.085 predicted inner membrane protein 
rseA 0.085 anti-sigma factor 
yjaG 0.085 conserved protein 
yheU 0.085 conserved protein 
slyX 0.085 protein required for phi X174 lysis 
dcuD 0.085 predicted transporter 
dcuC 0.085 anaerobic C4-dicarboxylate transport 
ytjB 0.084 conserved membrane protein 
yifE 0.084 conserved protein, UPF0438 family 
o137 0.084 o137 
tnaB 0.084 tryptophan transporter of low affinity 
mtr 0.084 tryptophan transporter of high affinity 
thiH 0.084 tyrosine lyase, involved in th iamin-thiazole moiety synthesis 
yciS 0.084 inner membrane DUF1049 protein YciS 
ybiW 0.084 predicted pyruvate formate lyase 
pliO 0.084 predicted formate acetyltransferase 2 (pyruvate formate lyase II) 
ytfl8 0.083 predicted cell envelope opacity-associated protein 
o181 0.083 o181 
sip 0.083 outer membrane lij:l_Ojl_rotein 
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Table 14 (cont.) 200 most informative E. coli proteins in relation to TnaA, as determined by 
mutual information 
Gene IMI 
ydbK 
a siB 
y]W 
mutH 
ygg l 
I ptE 
trpR 
cyaA 
ybgE 
tyrP 
tdcE 
pfiB 
ybiY 
deuS 
dcuA 
pfiC 
yijD 
sxy 
rbsD 
yfaE 
nirC 
maiM 
crl 
ygbA 
tyrA 
atsB 
emtA 
pepD 
ycbZ 
rsxG 
yaeH 
o261 
yaaH 
proQ 
psuK 
ltaE 
ravA 
nlp l 
yfcl 
nrdD 
I Description 
0.083 fused predicted pyruvate-flavodoxin oxidoreductase: conserved protein/conserved protein/F eS 
binding prote in 
0.083 pred icted regulator of arylsulfatase activit y 
0.083 predicted pyruvate formate lyase activat ing enzyme 
0.083 methy l-directed mismatch repair protein 
0.083 conserved protein 
0.083 LPS assembly OM complex LptDE , lipoprot ein component 
0.083 DNA-binding t ranscriptional repressor , tryptophan-binding 
0.082 adenylate cyclase 
0.082 conserved protein 
0.082 tyrosine transporter 
0.082 pyruvate fo rmate-lyase 412-ketobutyrate formate-lyase · 
0.082 pyruvate formate lyase I 
0.082 pred icted pyruvate formate lyase activating enzyme 
0.081 C4-dicarboxylate transporter, anaerobic; DeuS co-sensor 
0.081 C4-dica rboxylate antiporter 
0.081 pyruvate formate lyase II activase 
0.081 inner membrane protein , DUF1422 fami ly 
0.081 required for expression of CRP-S-dependent promoters 
0.081 predicted cytoplasmic sugar-binding protein · 
0.080 ferredoxin involved with ribonucleotide reductase diferric-t yrosyl radica l (Yj cofactor 
maintenance 
0.080 nit rite transporter 
0.080 maltose regulon periplasmic protein 
0.080 sigma factor-binding protein, stimulates RNA polymerase holoenzyme format ion 
0.079 predicted protein 
0.079 ORF _o179 
0.079 fused charismata mutase T/p rephenate dehydrogenase 
0.079 ORF _o492 
0.079 unknown 
0.079 lyt ic murein endotransglycosylase E 
0.079 aminoacyl-histidine dipepti dase (peptidase D) 
0.078 predict ed peptidase 
0.078 electron transport complex protein required for the re duction of SoxR 
0.078 ORF _f746 
0.078 conserved protein, UPF0325 fami ly 
0.078 o261 
0.078 inner membrane protein , Grp1_Fun34_YaaH family 
0.078 RNA chaperone, probable regulator of ProP translation 
0.077 pseudouridine kinase 
0.077 L-alla-threonine aldolase, PLP-dependent 
0.077 fused predicted transcript ional regulator: sigma54 activator protein/conserved protein 
0.077 lipoprote in invo lved in osmotic sensitivity and fi lamentation 
0.077 predicted protein 
0.077 anaerobic ri bonucleoside-t riphosphate reductase 
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Table 14 (cont.) 200 most informative E. coli proteins in relation to TnaA, as determined by 
mutual information 
Gene IMI !Description 
yfcE 0.077 phosphodiesterase activity on bis-pNPP 
ybjD 0.076 conserved protein with nucleoside triphosphate hydrolase domain 
mgiB 0.076 methyl-galactoside transporter subunit 
yjjB 0.076 conserved inner membrane protein 
pyrl 0.076 aspartate carbamoyltransferase, regulatory subunit 
ybaE 0.076 predicted transporter subunit: periplasmic-binding component of ABC superfamily 
yejM 0.076 predicted hydrolase, inner membrane 
yejK 0.076 nucleotide associated protein 
ftsl 0.076 membrane bound cell division protein at septum containing leucine zipper motif 
yhaO 0.076 predicted transporter 
yhjV 0.076 predicted transporter 
tdcC 0.076 L-threonine/L-serine transporter 
sdaC 0.076 predicted serine transporter 
yqeG 0.076 predicted transporter 
ompF 
pspC 
nhaB 
mtiA 
yfiD 
ccmD 
lpoB 
dam 
rsxB 
ytfK 
ycdZ 
yidK 
yigP 
pflA 
napD 
nrfB 
uspB 
ulaC 
pepT 
nfuA 
zapC 
yqcC 
yigA 
chiP 
zapA 
thiM 
0.076 ORF _f425 
0.076 outer membrane porin 1 a (Ia; b; F) 
0.076 DNA-binding transcriptional activator 
0.075 sodium: proton antiporter 
0.075 fused mannitol-specific PTS enzymes: IIA components/liB components/IIC components 
0.075 autonomous glycyl radical cofactor 
0.075 cytochrome c biogenesis protein 
0.075 outer membrane lipoprotein 
0.074 DNA adenine methyltransferase 
0.07 4 electron transport complex protein, iron-sulfur protein, required for the reduction of SoxR 
0.07 4 conserved protein , DUF11 07 family 
0.074 inner membrane protein, DUF1097 family 
0.07 4 predicted transporter 
0.074 conserved protein , SCP2 family 
0.07 4 pyruvate formate lyase activating enzyme 1 
0.07 4 ORF _f1 02; ORF created by difference between our sequence and ECSMFSMG 
0.074 ORF _o374 
0.073 assembly protein for periplasmic nitrate reductase 
0.073 nitrite reductase, formate-dependent, penta-heme cytochrome c 
0.073 universal stress (ethanol tolerance) protein B 
0.073 L-ascorbate-specific enzyme IIA component of PTS 
0.073 peptidase T 
0.073 F e/S biogenesis protein; possible scaffold/chaperone for damaged F e/S proteins 
0.073 FtsZ-associated protein 
0.072 conserved protein · 
0.072 conserved protein, DUf484 family 
0.072 chitoporin, uptake of chitosugars 
0.072 FtsZ-associated protein 
0.072 hvdoxvethylthiazole kinase 
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Table 14 (cont.) 200 most informative E. coli proteins in relation to TnaA, as determined by 
mutual information 
Gene IMI !Description 
yicH 0.072 conserved protein 
yfcM 0.072 conserved protein 
grxA 0.071 glutaredoxin 1, redox coen zyme for ribonucleotide reductase (RNR1 a) 
viaA 0.071 predicted von Willibrand factor containing protein 
yafD 0.071 conserved protein 
maiM 0.071 maltose operon periplasmic protein 
skp 0.071 periplasmic chaperone 
ygiM 0.071 SH3 domain protein 
mlaB 0.071 ABC transporter maintaining OM lipid asymmetry, cytoplasmic STAS component 
sfsA 0.070 pred icted DNA-binding transcriptional regu lator 
murQ 0.070 N-acetylmuramic acid 6-phosphate (MurNAc-6-P) etherase 
cdaR 0.070 DNA-binding transcriptional regu lator fo r gar and gud operons; carbohydrate diacid re gulator 
fadR 0.070 DNA-binding transcriptional dual regulato r of fatty ac id metabo li sm 
Table 15. Gene Ontology enrichment analysis on 10% of proteins with the lowest Enault 
distances to TnaA (-440 proteins) 
Total Actual-
Term OntoiO!lV Description count Actual Expected Expected P value 
80:0003735 Molecular Function structural constituent 
of ribosome 56 0 5 -5 3.57E-03 
80:0006412 Biolo~ical Process translation 80 0 7 -7 3.08E-04 
80:0006464 Biological Process cellular protein 
modification process 68 15 6 9 8.86E-04 
80:0006950 Biolog_ical Process response to stress 8 3 1 2 2.88E-02 
80:0042493 Biological Process response to drug 60 2 6 -4 4.82E-02 
80:0046349 Biological Process amino sugar 
biosynthetic process 14 4 1 3 2.96E-02 
80:0015949 Biological Process nucleobase-containing 
small molecule 
interconversion 62 10 6 4 3.48E-02 
80:0017004 Biological Process cytochrome complex 
assembly 30 6 3 3 3.90E-02 
80:0009268 Biological Process response to pH 4 2 0 2 4.41 E-02 
80:0009228 Biological Process thiamine biosynthetic 
!process 14 5 1 4 6.12E-03 
80:0009055 Molecular Function electron carrier activity 7 5 1 4 1.27E-04 
80:0006012 Biological Process galactose metabolic 
process 4 2 0 2 4.41 E-02 
80:0009061 Biolo~ical Process anaerobic respiration 142 32 13 19 9.82E-07 
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Table 16. Gene Ontology enrichment analysis on 10% most informative proteins relative to 
TnaA (-440 proteins) 
Actual Expected Actual-
Term Ontology Description N count count Expected P value 
G0:0003735 Molecular Function structural constituent of 56 0 4 -4 1.56E-02 
ribosome 
G0:0006412 Biological Process translation 80 0 6 -6 2.55E-03 
G0:0006464 Biological Process cellular protein 68 9 5 4 2.83E-02 
modification process 
G0:0009310 Biological Process amine catabolic process 41 0 3 -3 4.80E-02 
G0:0009451 Biolo!lical Process RNA modification 47 0 3 -3 3.06E-02 
G0:0006950 Biological Process response to stress 8 3 0 3 1.37E-02 
G0:0015949 Biological Process n u cleo base-containing 62 11 4 7 2.47E-03 
small molecule 
interconversion 
GO 0017004 Biological Process cytochrome comple x 30 6 2 4 1.26E-02 
assembly 
G0:0009228 Biolog ical Process thiamine biosynthetic 14 4 1 3 1.19E-02 
process 
G0:0000162 Biological Process tryptophan biosynthetic 10 3 1 2 2.54E-02 
process 
G0:0006571 Biological Process tyrosine biosynthetic 5 2 0 2 4.02E-02 
process 
G0:0009269 Biolo!lical Process response to desiccation 10 3 1 2 2.54E-02 
G0:0006012 Biological Process galactose metabolic 4 2 0 2 2.59E-02 
process 
G0:0016564 Biological Process transcription repressor 134 4 9 -5 2.12E-02 
activity 
G0:0009061 Biological Process anaerobic respiration 142 25 10 15 8.13E-06 
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IV.E. Flux balance analysis 
Existing metabolic models were used to estimate the cost of the 
tryptophanase enzyme in E. coli. E. coli is a very well-studied bacterium, and the 
most detailed current understanding of the genetics, metabolism, and regulatory 
networks of bacteria come from studies in this organism. Several sophisticated 
and well-validated FBA 
models are available for 
this organism (Covert & 
Palsson 2002; Feist eta/. 
2007; Feist & Palsson 
2008; Reed eta!. 2003) . 
The flux balance 
model iAF1260 was used 
to describe metabolism in 
the laboratory strain E. coli 
K-12 (Feist eta!. 2007), for 
0.5 
~ 0.4 
E 
] 0.3 
0.2 
01 
E. coli K12, aerobic growth with glucose 
indole/h 
Figure 37. Indole production is incompatible with high 
levels of biomass synthesis in a flux balance model of 
E. coli metabolism. ATP production under fixed biomass 
and indole production in the E. coli iAF1260 model , under 
aerobic growth conditions in minimal media+ glucose. 
which the wild type is indole-positive. The genome of E. coli K-12 is substantially 
similar to that of enteropathogenic strains, and insertion of a virulence plasmid 
into K-12 can enable pathogenicity in this strain (Small eta!. 1987). 
The iAF1260 model was run under conditions simulating growth in minimal 
media+ glucose. When maximization of biomass production was used as the 
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objective function, the default solution indicated a maximum growth rate of 
0.7365 h-1 and no production of indole. To evaluate the metabolic cost of indole 
production, ATP generation was used as the objective function, and the objective 
was maximized under the constraints of fixed biomass production (0-0. 7 h-1) and 
fixed indole production (0-1.1 mol/h). Under these growth conditions, ATP 
production remained largely invariant across indole production levels for a given 
level of biomass production. However, high levels of biomass production were 
incompatible with high levels of indole production, generating a boundary beyond 
which the model failed to produce a solution (Figure 37). 
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Chapter VI. Discussion 
This body of work elucidates the role of inter- and intra-species 
communication on antibiotic tolerance in bacteria. It was found that the bacterial 
signal molecule indole induces tolerance to antibiotics in E. coli, which produces 
this signal, and in the closely related pathogen Salmonella typhimurium, which 
has lost the tryptophanase gene and cannot produce indole. Furthermore, it was 
found that indole signaling by E. coli can induce antibiotic tolerance in S. 
typhimurium when these species encounter one another in culture and in the 
intestine of a host, indicating a role for indole as an inter-species signal. 
A mechanism is proposed for indole-induced antibiotic tolerance (Figure 
25) . The bacterial signaling molecule indole is sensed in a heterogeneous 
manner by a population of cells, causing induction of oxidative stress (OxyR) and 
phage shock (Psp) pathways via a periplasmic or membrane component, thereby 
inducing the creation of a persistent sub-population. Indole is not toxic at 
physiological levels, but triggers protective responses, acting to "inoculate" a sub-
population (persisters) against possible future stress. 
It has been demonstrated that bacterial communication through indole 
signaling induces persister formation in E. coli. This process involves the 
activation of oxidative stress and phage shock pathways, and allows bacteria to 
protect a sub-population against antibiotic treatment. These findings add to an 
understanding of persister formation as a bacterial "bet-hedging" strategy in 
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uncertain environments (Rotem eta/. 201 0). Indole, produced under nutrient-
limited conditions, allows E. coli to alter the frequency of persister formation, 
thereby providing a mechanism by which a bacterial population can adjust its bet-
hedging strategy based on environmental cues. These findings demonstrate that 
persister formation is influenced by communication within a population of cells, 
and it is not simply the result of an isolated, random switching event in individual 
cells. 
Additionally, these results indicate that indole is an intra-species signal 
capable of activating bacterial stress response pathways and thereby increasing 
survival after antibiotic challenge. It has previously been shown that indole-
positive bacterial strains are less susceptible to antibiotics than their indole-
negative relatives, and that indole production by stress-resistant bacteria can 
increase resistance in the population as a whole (Lee eta/. 201 0) . The 
tryptophanase gene is associated with genetic elements for anaerobic 
metabolism, growth arrest, and regulation of stress responses, suggesting that 
indole production is preferentially maintained in bacterial species that face a 
broad range of stresses from their environment. 
The results presented here suggest that Salmonella may be able to use 
non-natively produced indole signals to modify susceptibility to stress in the host 
environment. It is plausible that Salmonella has evolved as a "cheater" in bacterial 
signaling, intercepting and utilizing a metabolically expensive signal molecule 
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that is reliably produced by closely related commensal E. coli in the shared 
natural environment of the mammalian host intestine. 
More broadly, these results suggest that persistence in pathogens may be 
induced by interception of bacterial signals in the host environment. There is a 
growing body of work exploring the complex relationship between the 
mammalian host, the innate gut microbiota, and gastrointestinal pathogens, and 
it is increasingly evident that the interplay between the established microbiota 
and introduced organisms in the gut may be critical in determining the progress 
and resolution of infections and the aftermath of disease (Ahmer & Gunn 2011; 
Kaper & Sperandio 2005; Parker & Sperandio 2009; Srikanth & McCormick 2008; 
Stecher & Hardt 2008; Stecher eta/. 201 0; Thiennimitr eta/. 2012). This study 
provides insight into the evolutionary pressures that might drive the development 
of inter-species signaling in the gut and into the potential implications of inter-
species interactions on the efficacy of antibiotics in gastrointestinal disease. 
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